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Preface 


Several  NATO  nations  are  developing  highly-agile  fighter  aircraft  that  are  capable  of  operating  at  altitudes  well  above  5(1.000 
feet  (15  km)  and  at  sustained  accelerations  much  greater  than  +6Gz.  These  include  the  United  States  with  its  F'22  Advanced 
Tactical  Fighter,  Germany,  Italy.  Spain  and  the  United  Kingdom  with  the  European  Fighter  Aircraft,  and  France  with  the 
Kafale.  Protection  against  both  high  sustained  acceleration  and  loss  of  cabin  pressurization  at  high  altitude  in  these  aircraft 
requires  the  judiciou.s  use  of  pressure  breathing  in  combination  with  counterpressure  to  the  limbs,  trunk  and  abdomen.  There  is 
also  the  requirement  for  protection  against  other  harmful  environmental  stressors;  and  there  are  the  problems  associated  with 
effectively  integrating  the  various  protective  assemblies  so  as  to  impose  the  minimum  encumbrance  and  discomfort  on  the 
wearer.  The  purpose  of  ihi.s  Symposium  was  to  consider  the  physiological  and  technical  requirements  for  protection  of  aircreu 
in  the  environment  of  high  altitude  and  high  acceleration,  and  against  exposure  to  NBC  threats  and  cold  water  immersion:  and 
survey  recent  developments  in  aircrew  life  support  equipment  for  counteracting  the  harmful  effects  of  these  stressors.  ^ 

A  number  of  topics  were  addressed,  including; 


—  the  problems  of  decompression  sickness  and  ebullism  at  high  altitude: 

—  the  effects  of  high  acceleration  in  relation  toG-inducedlossof  con.sciousnes.s(GLOC).  po.sitixe  pressure  breathing(PBG). 
the  anti-G  straining  manoeuvre  (AGSM),  and  neck  injury  protection; 

—  mathematical  models  of  the  effects  of  high  acceleration  on  the  heart  and  circulatory  system: 

—  physiological  requirements  and  equipment  for  very  high  altitude  protection:  and 

—  integrative  protective  equipment  to  high  altitude,  high  acceleration,  NBC  threats  and  cold  water  immersion. 


Preface 


Un  certain  nombre  dc  pays  membres  de  I'OTAN  travaille  sur  le  devcioppement  d'avions  de  combat  a  grande  manivuvrahilitc 
capables  d’cffectuer  des  missions  a  de.s  altitudes  superieores  a  55000  pieds  <15  km)  ct  a  dcs  accelerations  continues  bicn 
superieures  a  6Gz. 

Parmi  les  pays  en  question  on  distingue  les  Etats-Unis  avec  son  avion  de  combat  tactique  avance  F*22  (ATF).  lAllemagne, 
ritalie.  TEspagne  ct  le  Royaume-Uni  avec  Tavion  de  combat  europwn  (EFA)  el  la  France  avec  !e  Rafale.  Pour  ces  avions.  la 
protection  centre  le.s  grande.s  acederation.s  continues  et  la  depressurisation  cabine  a  haute  altitude  ne  peui  etre  assurtH?  que  par 
I'emploi  judicieux  de  la  respiration  sous  pression.  associee  a  I'appHcation  de  la  conlrepression  aux  membres.  au  tronc  et  a 
I'abdomen. 

II  est  egalement  necessaire  de  protcger  les  equipages  contre  d’autres  dements  stressants  et  nuisibles  dans  leur  milieu 
environnant.  .sans  compter  les  probJemes  associes  a  I'inregration  effective  des  differents  ensembles  de  protection  de  fa^on  a 
imposer  le  minimum  de  gene  et  d’embarras  a  I'utilisateur.  Le  symposium  a  eu  pour  objet  d'examiner  les  besoins  techniques  et 
physioiogiques  en  ce  qui  conceme  la  protection  des  equipages  dans  un  environnement  haute  altitude,  grandes  acederations. 
contre  la  menace  NBC,  Timmersion  dans  les  eaux  froides  et  egalement,  de  faire  le  point  des  demiers  progres  enregistres  dans  le 
domaine  des  djuipements  de  survie  C01I9US  pour  contrer  les  effets  tndesirables  de  ces  elements  stressants. 

Parmi  les  sujets  examines  lors  du  symposium  on  distingue; 

—  les  probidnes  du  mal  de  decompression  et  de  Tebullisme  a  haute  altitude; 

—  I'incidence  des  grandes  acederations  sur  la  perte  de  connaissance  litt  aux  accelerations  (G-LOC).  la  respiratioii  en 
surpression  (PBG),  la  manoeuvre  anti-G  (AGSM)  et  la  protection  du  cou: 

—  les  moddes  mathematiques  des  effets  des  grandes  accelerations  sur  le  coeur  et  sur  I'appareil  circulatoire; 
les  normes  physioiogiques  et  les  equipements  de  protection  a  tr^  haute  altitude: 

—  les  djuipements  intern  de  protection  contre  la  haute  altitude,  les  grandes  accelerations,  la  menace  NBC  et  I’immersion 
dans  les  eaux  froides. 


Aerospace  Medical  Panel 


Chajni)iin:  Fnif.  Ci.Suntucci 

S<iu.s-Directcur  dc  Recherche  de 
L'E.A.S.S.A.A.  et  du  C.E.R.M.A. 
Base  d'Essais  en  Vol 
y|  22ti  Bretiiinv  sur  Orge  Cedex 
France 


Depuly  t'hairman:  Pn>t'.  Dr  Med.  L.  Vdgl 

Insiitut  fiir  Flugmedizin  —  OLR 
Poslfach  90  60  52  —  Linder  Flohe 
D-5000  Kiiln  9(1 
Germany 


TEC  HNICAL  PROGRAMME  COMMITTEE 


Chairman:  Dr  i.P.  Landolt 
DCIEM 

1LF3  Sheppard  Avenue  West 
P  O  Box  2000 

North  York,  Ontario  M3M  3B9 
Canada 


Members 


AVM  J.Ernsling 
RAF  Institute  ot  Aviation 
Medicine 

Farnborough,  Hants  GU 14  6SZ 
United  Kingdom 

Dr  R.  Burton 

Chief  Scientist  USAF  School 
of  Aerospace  Medicine 
Brooks  AFB.TX  78235 
United  States 


Colonel  P.L  Burgers 
IDDKLu/HOOFD  Luchtv, 
Postbus  153 
3769  Soesterberg 
The  Netherlands 

DrJ.M.Clere 

CEV/LAMAS 

BP2 

91228  Bretigny  Orge 
France 


HOST  NATION  COORDINATOR 

Capt  J.A.  Brady 

MSC.USN 

Commanding  Officer 

Naval  Acromedical  Research  Laboratory- 

Naval  Air  Station 

Pensacola.  FL  32508-5700 

United  Stales 


panel  executive 

Major  W.D.  Lyle.  CAF 


Mail  from  Europe; 

AGARD-OTAN 
Attn;  AMP  Executive 
7.  rue  Ancelle 
92200  Neuilly  sur  Seine 
France 


Mail  from  US  and  Canada: 

AGARD-NATO 
Attn:  AMP  Executive 
APOAE  09777 


Tel:  33(1  >47.38  57  60 
Telex:  610176  (France) 
Telefax:  33(1  >47  38  57  99 


Contents 


Page 

Preface/Preface  iii 

Panel  and  Meeting  Officials  iv 

Reference 

Technical  Evaluation  Report  TER 

by  J.P.  Landolt 

Keynote  Address:  High  Altitude  and  High  G  —  an  Operational  Perspective  K 

'  bvK.M.Waage 


SESSION  I  -  HIGH  ALTITUDE  -  DECOMPRESSION  SICKNESS  AND  EBULLISM 


Decompression  Sickness  and  Ebullism  at  High  Altitude  1 

by  A.  A.  Pilmanis  and  B.J.  Siegmann 

Bubble  Nucleation  Threshold  of  Decomplemented  Plasma  2 

by  C.A.  Ward,  D.  Yoe,  D.  McCullough  and  W.D.  Fraser 

1990  Hypobaric  Decompression  Sickness  Workshop:  Summary  and  Conclusions  3 

by  A.A.  Pilmanis 

Prebreathing  as  a  Means  to  Decrease  the  Incidence  of  Decompression  Sickness  at  Altitude  4 


by  B.J.  Siegmann  and  A.  A.  Pilmanis 

SESSION  II  -  EFFECTS  OF  HIGH  ACCELERATION 


G-Induced  Loss  of  Consciousness  Accidents:  USAF  Experience  1982—1990  5 

by  T.J.  Lyons.  R.M.  Harding.  J.  Freeman  and  C.  Oakley 

Pulmonary  Effects  of  High-G  and  Positive  Pressure  Breathing  6 

by  D.H.GIaister 

Maximum  Intra-Thoracic  Pressure  with  PBG  and  AGSM  7 

by  F.  Buick.  J.  Hartley  and  M.  Pecaric 

The  Influence  of  High  Sustained  Acceleration  Stress  on  Electromyographic  Activity  of  8 

the  Trunk  and  Leg  Muscles 

by  L.P.Krock  and  M.W. Cornwall 

The  Valsalva  Maneuver  and  its  Limited  Value  in  Predicting  +Gz-Tolerance  9 

by  E.J.van  Lieshoul.  JJ.van  Lieshout,  J.Krol.  M. Simons  and  J.M.Karemaker 

Hemodynamic  Responses  to  Pressure  Breathing  during  +Gz  (PBG)  in  Swine  1 0 

by  i.W.  Bums.  J.W.  Fanton  and  J.L.  Desmond 

Subjective  Reports  Concerning  Assisted  Positive  Pressure  Breathing  under  1 1 

High  Sustain^  Acceleration 

by  K.A.McCloskey.  L.Tripp.  D.W.Repperger  and  S.  Popper 

G-LOC.  Gz  et  Hypoxie  Ciribrale!  Gz/s  et  Hypertension  Intracrannienne?  —  Synthase  1 2F 

par  P.Ouandieu,  et  autres 

G*LOC.  Gz  and  Brain  Hypoxia!  Gz/s  and  Intracranial  Hypertension?  —  A  Synthesis  1 2E 

by  P.  Quandieu.  et  al. 


Rrlrrr«»cr 


Respiration  en  Pression  Positive:  EITets  sur  la  Tolerance  Humaine  aux  Accelerations  +Gt  1 3 

(Assisted  Positive  Pressure  Breathing;  Effects  on  +Gz  Human  Tolerance  in  Centrifuge) 
par  J.M.  Clere  et  J.W.  Burns 

The  Optimisation  of  a  Positive  Pressure  Breathing  System  for  Enhanced  G  Protection  1 4 

by  A.RJ.  Prior 

Effects  on  Gz  Endurance/Tolerance  of  Reduced  Pressure  Schedules  using  the  Advanced  I S 

Technology  Anti-G  Suit  (AT AGS) 

by  L.J.  Meeker 

The  Military  Aircrew  Head  Support  System  (MAHSS)  1 6 

by  A. A.  Marshall 

SESSION  III  -  MODELLING  OF  EFFECTS  OF  ACCELERATION 

A  Cardiovascular  Model  of  G-Stress  Effects:  Preliminary  Studies  with  Positive  1 7 

Pressure  Breathing 

by  D.Jaron.T.W.  Moore  and  P.  Vieyres 

Assessment  of  Physiological  Requirements  for  Protection  of  the  Human  Cardiovascular  1 8 

System  against  High  Sustained  Gravitational  Stresses 

by  R.  Collins  and  E.  Mateeva 

Biomecanique  Circulatoire.  Effets  des  Accelerations  1 9F 

par  D.Gaffic,  el  a  itres 

Circulatory  Biomechanics,  Effects  of  Accelerations  1 9E 

by  D.Gaffie.  et  al. 

Finite  Element  Modeling  of  Sustained  +Gz  Acceleration  Induced  Stresses  in  the  Human  20 

Ventricle  Myocardium 

by  J.  Moore,  B.  Tabarrok  and  W.  Fraser 

SESSION  IV  -  HIGH  ALTITUDE  PROTECTION 

Physiological  Requirements  for  Partial  Pressure  Assemblies  for  Altitude  Protection  2 1 

by  A.J.F.  MacMillan 

L'Equipement  Fran^ais  de  Protection  Int^ee  pour  Equipages  d'Avions  de  Combat  Modeme:  22 

Principes  et  Essais  en  Haute  Altitude 

par  H.  Marotte.  H.  Vieillefond,  D.  Lejeune  et  J.M. Clere 

The  Experimental  Assessment  of  New  Partial  Pressure  Assemblies  2  3 

by  D.P.Gradwell 

SESSION  V  -  EQUIPMENT  FOR  HIGH  ALTITUDE  AND  G  PROTECTION 

Protection  Physiologique  des  Equipages  d’Avions  de  Combat:  Integration  de  Fonctions,  24 

Principes  Technologiques 

par  H.  Marotte,  R.Beaussant.  R.  Zapata.  J.M.CIere  et  D.  Lejeune 

Model  of  Air  Flow  in  a  Multi-Bladder  Physiological  Protection  System  25 

by  P.S.E.  Farrell,  D.F,  James  and  A. A.  Goldenberg 

The  Design  and  Development  of  a  Full-Cover  Partial  Pressure  Assembly  for  Protection  26 

against  High  Altitude  and  G 

by  A.E.Hay  and  J.E.  Aplin 


vi 


Reference 


Advances  in  the  Design  of  Military  Aircrew  Breathing  Systems  with  Respect  to  High  27 

Altitude  and  High  Acceleration  Conditions 

by  N.PJ.  Lovett 

High  Altitude  High  Acceleration  and  NBC  Warfare  Protective  System  for  Advanced  Fighter  28 

Aircraft  —  Design  Considerations 

by  A  J.F.  Macmiltan 


ffR-l 


TECHNICAL  EVALUATION  REPORT 
by 

Jack  P.  Land(^t,  Pt>.D. 
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1 .  INTRODUCTION 

The  Aerospace  Medical  Panel  held  a  Symposium  on 
“High  Altitude  and  High  Acceleration  Protection  for 
Military  Aircrew’  at  the  Conference  Support  Center. 
Naval  Air  Station.  Pensacola.  Florida,  USA,  29  -  30  April 
1991.  Twenty-eight  papers  and  an  invited  Keynote 
Address  were  given  by  authors  from  six  NATO  countries. 
There  were  162  registrants  at  the  Symposium. 

2 .  THEME 

At  its  68th  Business  Meeting,  the  Aerospace  Medical 
Panel  accepted  proposals  on  high  altitude  protection  from 
the  Special  Clinical  and  Physiological  Problems 
Committee,  and  high  acceleration  (G  or  *Gz)  protection 
from  the  Biodynamics  Committee  for  a  single  Symposium 
that  combined  both  topics.  Its  theme  was  a  consideration  of 
the  physiological  and  technical  requirements  for  protection 
of  aircrew  operating  aircraft; 


f.  a  head  support  system  for  preventing  neck  injury  to 
high  acceleration; 

g.  mathematical  models  that  simulate  the  cardiovascular 
system  to  high  acceleration; 

h.  the  physiological  requirements  for  high  altitude 
protection;  and 

i.  the  integration  of  protective  equipment  to  high 
altitude,  high  acceleration.  NBC  threats  and  cold  water 
immersion. 

4.  SYMPOSIUM  PROGRAM 

The  Symposium  consisted  of  a  Keynote  Address  on  ihe 
operational  requirements  for  high  altitude  and  high 
acceleration  in  NATO  by  LCol  K.M.  Waage,  Royal  Norwegian 
Air  Force.  SHAPE  Headquarters.  BE  and  five  scientific 
sessions  which  were  chair^  as  follows: 


a  above  50.000  feet  05  km)  against  the  effects  of  loss 
of  cabin  pressurization;  and 


a.  Session! 
Chairmen; 


Decompression  Sickness  and  EbuDism 
Dr  J.P.  Landolt.  CA  arKi 
Col  P.i. Burgers.  N£; 


b.  at  high  sustained  acceleration  (greater  than  +6  Gz. 
greater  than  15  s). 

3.  PURPOSE  AND  SCOPE 

The  USA  with  its  F-22  Advanced  Tactical  Fighter,  the 
four  nations  developing  the  European  Fighter  Aircraft  (GE, 
IT,  SP  and  UK)  and  France  with  its  Rafale  have  need  for  life 
support  systems  which  must  be  effective,  but.  at  the  same 
time,  will  impose  the  minimum  encumbrance  and 
discomfort  on  aircrew.  The  purpose  of  the  Symposium  was 
to  review  what  the  different  countries  are  doing  in  regard 
to  protective  assemblies,  and  describe  methods  of 
performance  enhancement  and  integration  of  these 
assemblies  with  other  protective  subsystems  in  the 
specific  environment  of  high  oHitude.  high  acceleration  and 
other  harmful  stressors. 

The  scope  of  the  Symposium  was  broad  covering: 


b.  Session  ll  Effects  of  High  Acceleration 
Chairmen;  (i)  Dr  R.R.  Burton.  US  and 
Dr  J.M.  CI6re.  FR. 

( i  i  >  Dr  R.R.  Burton.  US  and 
Col  P.I.  Burgers.  NE; 


c.  Session  Mi 
Chairmen. 


Modelling  of  Effects  of  Acceleration 
Dr  J.M.  Cl^re.  FR  and 
Dr  R.R.  Burton,  US; 


d.  Session  IV 
Chairmen; 


High  Altitude  Protection 
Dr  J.M.  Cl^re.  FR  and 
Dr  J.P.  Landolt.  CA;  and 


e.  Session  V  Equipment  for  High  Altitude  and  G 
Protection 

Chairmen;  Col  P.i.  Burgers.  NE  and 
Dr  R.R.  Budon,  US 


a  the  requirements  for  ameliorating  decompression 
sickness  and  ebullism  at  high  altitude; 


The  Session  Chairmen  and  AVM  J.  Ernsting,  RAF  lAM,  UK 
formed  the  Technical  Programme  Organizing  Committee. 


b.  the  incidence  of  accidents  resulting  from  G-induced 
loss  of  consciousness  (GLOC); 

c.  the  concomitant  effects  of  positive  pressure 
breathing  (PBQ)  ar>d  gas  counterpressure  on  the  tur>gs  and 
cardiovascular  system  during  sustained  high  acceleration; 

d.  subjective  reports  on  COMBAT  EDGE,  the  US  Air 
Force's  new  positive  pressure  breathing  system; 

e.  mechanisms  underlying  GLOC  to  slow  and  rapid  G 
onset  rates: 


5.  TECHNICAL  EVALUATION 

In  his  Keynote  Address.  LCol  Waage  spoke  of  NATO’s 
continuing  commitment  to  the  defence  of  territory  of  its 
member  nations.  Moreover,  air  power  with  its  capability 
for  manoeuvrability,  speed  and  flexibility  will  maintain  a 
vital  role  in  any  future  NATO  operations.  Concomitant  with 
the  needs  for  such  air  assets  is  the  continuing  and  evolving 
requirements  for  protection  against  high  altitude,  high 
acceleration  and  other  harmful  stressors. 
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5.1  High  Altitude ■•■DecQmDfession  Sickness  and  Ebulli&m 

Attempts  at  defining  the  physiological  requirements 
for  protection  against  attitude  decompression  sickness  and 
ebuliism  on  loss  of  cabin  pressurization  at  high  altitudes 
were  addressed  in  Session  I.  As  Pilmanis  and  Stegmann 
(papers  #1  and  3)  have  pointed  out.  much  is  known  about 
decompression  sickness  for  altitudes  below  40.000  feet 
(12  km)  regarding  the  dynamics  of  formation  and  growth 
of  bubble  nuclei  in  human  tissues.  Additionally,  much 
effort  has  gone  into  understanding  the  pathophysiology  of 
decompression  sickness;  currently,  there  are  attempts  to 
assess  its  contribution  to  long  term  damage  of  the  central 
nervous  system.  However,  there  is  a  paucity  of  good  data 
on  the  physiological  hazards  of  decompression  sickness  for 
altitudes  greater  than  45,000  feet  (13.7  km).  To  address 
this  concern,  a  model  is  being  developed  at  the  USAF 
Armstrong  Laboratory  that  is  extrapolated  from  lower- 
altitude  data  bases  which  will  be  used,  it  is  hoped,  to  assess 
the  clinical  severity  of  decompression  sickness 
experienced  by  aircrew  operating  at  these  higher  altitudes. 
Moreover.  Pilmanis  and  Stegmann  suggested  that  data  base 
inconsistencies  could  be  improved  by  devising  a  better 
classification  system  for  describing  the  symptoms  of 
decompression  sickness.  The  model  will  be  used  to  test  the 
efficacy  of  pre  breathing  100%  oxygen  to  reduce  the 
incidence  of  altitude  decompression  sickness  (paper  #4). 

The  mechanism  by  which  decompression  sickness  Is 
produced  in  rabbits  decompressed  to  altitude  was  studied 
by  Ward  and  his  colleagues  (paper  #2).  Rabbits  that 
normally  experience  decompression  sickness  can  be  made 
immune  if  their  blood  complement  enzyme  system  is 
inactivated.  interestingly,  the  decomplementation 
procedure  does  not  inhibit  bubble  nucleation  formation 
during  decompression.  This  implies  that  complement 
actr/ales  one  or  more  unknown  biochemicat  components  of 
the  circulatory  system  which  contribute  to  the  onset  of 
decompression  sickness.  That  suggests  that  a 
pharmacological  approach  may  help  in  the  amelioration 
and/or  prevention  of  decompression  sickness  insults. 

Regarding  the  problem  of  ebuliism,  Pilmanis  and 
Stegmann  (paper  #1)  are  concerned  with  the  fact  that 
integrated  partial  pressure  suits,  which  will  be  used  at 
these  high  altitudes,  offer  no  protection  to  the  exposed  head 
and  upper  extremities.  Case  reports  in  the  literature 
describe  swelling  and  pain  in  exposed  limbs,  and  surface 
eye  freezing.  They  feel  that  a  better  understanding  of  the 
pathophysiology  of  ebuliism,  its  potential  for  Increased 
risk  of  decompression  sickness,  improved  protective 
measures  and  special  medical  procedures  will  help  with 
survival. 

Session  II  addressed  aeromedical  concerns  regarding 
aircrew  exposed  to  sustained  accelerations  considerably 
greater  than  <^6  Qz.  Lyons  and  his  colleagues  (paper  #5) 
cited  IP  USAF  accidents  involving  14  fatalities  between 
1982  to  1990  that  resulted  from  QLOC  dunng  single-seal 
sorties.  Interestingly,  ihe  average  accident  rate  per 
million  flying  hours  decreased  from  4.0  during  1962  • 
1984  to  1.3  for  the  period  1965  •  1990.  It  may  be 
significant  that  the  accident  rate  dropped  during  the  period 
In  which  (he  number  of  hours  flown  in  single  seat  aircraft 


increased  by  30%.  The  fall  in  accident  rate  may  also  be 
due  to  a  better  awareness  ol  GLCX  and  the  institution  of  G- 
training  programmes  on  the  human  centrifuge. 
Inexperience  in  flying;  G  level  (+4  to  *9  Gz),  duration 
and  rate  of  onset;  and  (possibly  because  of  the  stress  of 
apprehension)  high  systolic  blood  pressure  were  cited  as 
potential  factors  contributing  to  GLOC. 

Glaister  (paper  #6)  reviewed  the  effects  of  positive 
pressure  breathing  on  the  lungs  during  sustained  high  -fGz 
(PBG).  Positive  pressure  breathing  (PPB)  has  been  used 
for  many  years  for  emergency  protection  against  altitude 
hypoxia  following  the  accidental  loss  of  cabin 
pressurization.  By  controlling  the  hypertensive  side 
effects  of  positive  pressure  breathing  through  the  effective 
application  of  counterpressure  to  the  chest,  abdomen  and 
lower  limbs.  ^Gz  protection  is  also  afforded.  Glaister 
described  how  the  regional  variations  in  lung 
ventilallon/perfusion  ratio  resulting  from  sustained  -»-Gz 
contribute  to  hypoxemia;  and  he  reemphasised  (he  fact  that 
the  conrbination  of  wearing  a  G  suit,  breathing  pure  oxygen 
and  pulling  G  results  in  acceleration  atelectasis  (i.e..  lung 
collapse). 

Safety  concerns  to  PBG  were  addressed  by  several 
other  speakers  as  well.  Buick  and  his  colleagues  at  OCIEM 
(paper  #7)  demonstrated  that  the  intrathoracic  pressure 
produced  by  combining  PBG  with  a  maximal  anti-G 
straining  manoeuvre  (AGSM)  does  not  exceed  the  pressure 
produced  by  invoking  a  maximal  AGSM  by  itself-  This  was 
explained  as  being  due  to  the  limited  chest 
counterpressure,  and  to  the  maximal  pressure 
characteristics  of  the  expiratory  muscles.  Preliminary 
work  by  Burns.  Fanton  and  Desmond,  (paper  *10)  using 
the  swine  as  a  representative  model,  showed  that  increases 
in  intraventricular  pressures  from  pressure  breathing 
are  well  balanced  by  intrathoracic  pressures  that  are 
supported  by  the  application  of  gas  counterpressures.  with 
the  result  that  pressures  across  the  heart  wall  remain 
within  normal  limits.  Reducing  the  potential  increase  of 
work  by  the  heart,  through  counterpressure  techniques 
during  PBG.  has  important  implications  if  long  term 
deleterious  effects  to  pressure  breathing  are  to  be 
minimized  or  avoided. 

Subjective  reports  by  McCloskey  arid  her  colleagues 
(paper  ii1)  from  check-out  tests  on  COMBAT  EDGE,  the 
US  Ak  Force's  new  PBG  system,  were  also  informative. 
Subjects  estimated  that  they  obtained  an  increase  in  G- 
level  tolerance  of  *2  Gz  with  COMBAT  EDGE.  However, 
subjects  reported  distracting  pain  in  the  arms 
approximately  49%  of  the  time,  the  tendency  to 
hyperventilate,  ar>d  a  disturbing  oro-nasal  mask  leakage 
during  pressurization  in  30%  of  cases  when  usirtg  COMBAT 
EDGE.  Interestingly,  arm  pain  does  not  appear  to  be  a 
factor  in  high  performance  aircraft  sorties  in  the  F- IS  or 
when  the  arms  are  raised  to  heart  level  in  the  centrifuge. 
Most  subjects  reported  significant  improvements  in 
breathing  as  the  number  of  centrifuge  runs  increased,  and 
a  reduction  in  the  requirements  for  sirainkig  at  the  higher 
*Gz  levels,  in  fact,  subjects  reported  that  AGSMs  were  not 
needed  at  all;  the  tensing  of  teg  muscles  was  quite  sufficiem 
to  counter  the  effects  of  high  acceleration.  The  work  of 
Krock  and  Cornwall  (paper  *8)  suggested  that  there  is  a 
preferential  use  of  leg  muscles  In  performing  the  AGSM. 
and  this  feet  should  be  considered  during  high  accelerefon 


I 


I  f  R  -"> 


protection  training. 

Forgetting  the  basic  AGSM  when  using  COMBAT  EDGE 
is  a  distinct  possibitity.  Although  pressure  breathing  has 
the  same  effect  in  improving  -fGz-level  tolerance,  it  is  not 
meant  to  replace  the  properly-executed  AGSM.  To  do 
otherwise  might  imperil  the  aviator  should  equipment 
malfunction  occur.  Moreover.  COMBAT  EDGE  alone  wilt  not 
completely  protect  the  pilot  during  high  acceleration 
onsets  greater  than  1  Gz  per  second,  in  a  related  paper. 
Cldre  and  Burns  (paper  #  13)  reported  that  French 
equipment  employing  counterpressure  techniques  for 
producing  PBG  increased  ♦Gz-duration  tolerance  in 
subjects  in  the  human  centrifuge,  but  did  not  significantly 
improve  +Gz-leve!  tolerance  to  very  rapid  acceleration 
onset  rates. 

Two  papers  in  (he  session  discussed  ways  of 
improving  +Gz  protection.  Prior  from  the  RAF  Institute  of 
Aviation  Medicine  (paper  <f14)  demonstrated  that  good  Gz 
enhancement  may  be  achieved  by  combining  PBG  with  anti- 
G  trousers  that  provide  compression  to  90%  of  the  lower 
body.  However,  arm  pain  of  vascular  origin  occurred  and 
became  progressively  worse  with  increasing  +Gz  levels 
and  mask  pressures.  Prior  argued  that  a  compromise  must 
be  made  between  -t-Gz  protection  and  discomfort  if  the 
system  is  to  find  acceptance  by  aircrew.  The  USAF 
Armstrong  Laboratory  has  develops  ATAGS,  an  anti-G  suif 
that  provides  extensive  bladder  coverage  to  the  buttocks, 
knees,  ankles  and  feet.  Meeker  (paper  #1S)  described 
studies  showing  that  current  pressurization  schedules  can 
be  reduced  from  present  standards  without  affecting  the  Gz 
tolerance  and  endurance  afforded  by  ATAGS 

At  an  AGARD  Aerospace  Medical  Panel  Symposium  in 
1989  (AGARD  Conference  Proceedings  No  47i).  it  was 
mentfoneo  that  50%  or  more  of  pilots  have  reported  neck 
injury  while  flying  high  performance  aircraft.  At  this 
Symposium,  Marshall  (paper  #16)  discussed  a  project, 
the  Military  Aircrew  Head  Support  System,  which  British 
Aerospace  has  Initiated  to  reduce  neck  fatigue  and  injuries, 
and  assist  the  pilot  in  making  head  movements  during  high 
acceleration  manoeuvres.  The  concept  employs  a  servo 
system  that  stabilizes  the  pilot's  head  and  upper  body  by 
adjusting  the  tension  in  a  set  of  cables  attached  to  the 
helmet  that  is  under  the  control  of  a  microprocessor 
according  to  the  prevailing  G  forces  measured  by  means  of 
accelerometers.  The  system  has  been  tested  to  6  G  in  the 
human  centrifuge  and  subjective  responses  have  been 
favourable.  However,  the  question  of  pilot  acceptance  still 
needs  to  be  addressed. 

Two  other  papers  were  given  in  Session  il.  Van 
Lieshout  and  his  colleagues  (paper  #9)  noted  that  the 
Valsalva  manoeuvre  has  no  predictive  value  for  screening 
aircrew  for  4-Gz  tolerance.  Quandieu  and  his  colleagues 
(paper  #12)  differentiated  between  GLOC  to  slow  G  onset 
rates,  which  can  be  explained  on  the  basis  of  cerebral 
hypoxia,  and  GLOC  to  rapid  G  onset  rates,  which  is 
basically  biomechanical  In  nature  and  can  be  modelled  as 
such.  During  rapid  G  onset,  the  sudden  change  in  flow  rate 
causes  a  venous  collapse  In  circulation  which  prevents  the 
blood  from  leaving  the  brain  giving  rise  to  loss  of 
consciousness  through  "intracrSinial  hypertension". 


5.3  Modelling  of  FHocts  of  Acceleration 

Session  III  dealt  with  mathematical  models  ot  the 
effects  of  high  acceleration  on  the  heart  and  circulatory 
system.  Such  models  are  required  to  assess  the  potential 
(or  cardiac  tissue  damage  resulting  from  high  acceleration 
loading  and  external  pressure  augmentation,  and  to  better 
understand  the  mechanisms  underlying  GLOC.  They  also 
have  important  implications  for  developing  Gz  protective 
equipment  and  techniques.  Preliminary  results  from  the 
cardiovascular  model  developed  by  Jaron.  Moore  and 
Vieyres  (paper  #17}  have  demonstrated  the  additive 
nature  of  different  modes  of  acceleration  protection;  e.g., 
the  anti-G  suit,  AGSMs.  and  PBG.  The  authors  intend  to  use 
their  model  to  optimize  the  use  of  PBG  with  other 
protective  means.  Moore  and  his  colleagues  (paper  #20) 
developed  a  finite  element  model  from  reconstructed 
three-dimensional  Magnetic  Resonance  or 
Echocardiographic  images  that  will  be  used  to  determine 
the  stress/strain  reietionship  of  the  human  left  ventricle 
myocardium  during  sustained  +Gz  accelerations.  Such  a 
model  has  utility  in  predicting  gross  heart  fibre  changes 
for  high  accelerations  where  human  experimentation  is  not 
possible.  Gaffie  and  his  colleagues  described  work 
underway  at  ONERA  and  CERMA  (paper  #19)  of  a  model  of 
the  circulatory  system  that  takes  into  account  concomitant 
heart  action,  external  pressures  and  blood  flow  forces  to 
study  GLOC.  Results  show  that  GLOC  is  related  to  reduced 
blood  flow.  Collins  and  Mateeva  (paper  #18)  argued  that  a 
relatively-simple  model  of  the  coronary  circulation 
provides  quite  a  comprehensive  framework  for 
investigating  effective  countermeasures  against  high 
sustained  acceleration. 

5.4  High  Altitude  Protection 

The  three  papers  In  Session  IV  discussed  protection  to 
hypoxia  resulting  from  rapid  decompression  at  high 
altitudes  considerably  greater  than  40,000  feet  (12  km). 
Macmillan  (paper  #2i)  described  the  physiological  and 
operational  requirements  for  using  partial  pressure 
assemblies  in  combination  with  breathing  gases  produced 
by  means  of  molecular  sieve  concentrators  which  deliver 
at  most  95%  oxygen.  In  establishing  the  protective 
requirements  for  short-term  exposure  (1  to  2  minutes) 
to  60,000  •  65.000  feet  (18  -  20  km).  Macmillan 
emphasized  that  compromises  must  be  made  between 
providing  adequate  pilot  protection  and  maintaining  an 
acceptable  level  of  physiological  stress.  In  that  regard, 
Gradwell  (paper  #23)  demonstrated  that  it  was  possible  to 
appropriately  configure  partial  pressure  assemblies  to 
reduce  buHt  and  thermal  toad,  improve  donning  and  doffing, 
and  limit  subjective  discomfort  without  compromising 
physiological  protection  for  the  pilot. 

M!^''oite,  Vieiiletond  and  their  colleagues  (paper 
#22)  described  partial  pressure  equipment  that  France 
has  developed  and  tested  successfully  to  a  maximum 
iititude  of  65,000  feel  (20  km),  (or  a  maximum  duration 
above  40,000  feet  (12  km)  of  2  to  3  minutes  and  an 
aircraft  pressurizatton  schedule  of  35  kPa. 

5.5  Eouipmenl  for  High  Altitude  and  G  Protectton 

The  major  focus  of  papers  in  Session  V  was  on  the 
development  and  integration  of  high  altitude,  high 
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acceleration  and  other  aircrew  protective  equipment. 
Marotte.  Beaussani  and  their  colleagues  (paper  #24) 
described  new  technologies  in  molecular  sieve  oxygen 
concentrators  and  electronics  which  France  is  employing 
in  integrating  protective  systems  within  the  same 
ensemble  against  high  sustain^  acceleration,  high  altitude, 
cold  water  immersion  and  NBC  contaminants.  Similarly. 
Ernsting  and  Macmillan  (paper  #28)  discussed  the 
physiological,  technical  and  safety  aspects  required  for 
designing  an  integrated  protective  system  for  the  RAF 
against  high  sustained  acceleration  short  duration  exposure 
to  high  altitude  and  NBC  contaminants.  Ernsting  and 
Macmillan  placed  great  emphasis  on  the  difficultv  imposed 
by  “integrating"  partial  pressure  assemblies  with  NBC 
protection.  The  system  envisaged  does  not  provide  NBC 
protection  following  descent  into  water:  water  occludes 
current  NBC  filters.  Again,  as  in  other  papers,  both  sets  of 
authors  placed  great  emphasis  on  the  operational 
constraints  and  compromises  that  must  be  met  for 
jroviding  and  integrating  protective  equipment  that 
imposes  minimum  physiological  encumbrances  and 
discomfort  on  aircrew  while  enabling  acceptable  levels  of 
performance  to  be  met. 

Hay  and  Aplin  (paper  #26)  described  an 
experimental  partial  pressure  assembly  that  the  RAE  is 
developing  to  improve  aircrew  protection  against  high 
sustained  -t-Gi  and  high  altitude.  The  system  employed 
anti-G  trousers  designed  to  give  an  anthrop>ometric  close 
fit.  full  coverage  of  the  abdomen  arul  legs  to  provide  rapid 
inflation  in  response  to  high  acceleration  onset  rates.  By 
utilizing  these  anti-G  trousers  in  conjunction  with  a  PBG 
schedule  in  which  chest  garment  counterpressure  is 
applied  directly  from  the  breathing  gas  regulator,  the 
physiological  requirements  for  protection  can  be  realized. 
In  a  related  paper,  Farrell  and  his  colleague  s  (paper  #25) 
described  a  computer  model  of  a  multi-bladder  system 
which  can  simulate  conceptual  physiological  protection 
concepts  and  systems  such  as  that  proposed  by  Hay  and 
Aplin. 

Lovett  (paper  #27)  discussed  the  successful  work 
that  Normalair  Garrett  Limited  has  conducted  in  combining 
the  anti-G  valve,  breathing  gas  regulator  and  other 
components  into  a  seat-mounted  combined  valve  -  the  so- 
called  BRAG  valve.  Moreover,  new  developments  in 
aircrew  garmentry  in  the  United  Kingdom  and  the  United 
States  such  as  those  that  were  discussed  in  this  Symposium 
have  negated  the  need  for  electronically-controMing  this 
valve:  a  mechanicaliy-controlled  valve  is  quite  sufficieni. 
responding  quickly  enough  for  providing  aircrew 
protection.  Future  work  by  Normalair-Garrett  wiff  focus 
on  integrating  both  altitude  and  acceleration  protection  into 
a  single  small  unit. 

6.  CONauSIONSANDRECONft^r^ 

This  Symposium  has  drawn  attention  to  the  many 
different  physiologlcat  and  engineering  factors  that  must 
be  considered  if  adequate  protection  is  to  be  realized  in 
aircrew  operating  in  (he  harsh  environment  of  high 
altitude,  high  acceleration  and  other  stressors.  As 
Indicated,  much  progress  has  been  made  in  improving 
protective  life  support  equipmertt  and  in  our  understanding 
of  GLOC.  However,  many  of  the  papers  given  in  this 
Symposium  on  other  topics  were  preliminary  or 


incompteie  studies,  and,  accordingly,  more  research  is 
required  if  aircrew  are  to  operate  effectively  and  safely  in 
these  environments.  Probably  no  research  area  is  as 
important  as  that  pertaining  to  the  short-term  and  long¬ 
term  effects  of  PBG  and  high  acceleration,  singly  and  in 
combination,  on  the  cardiovascular  and  respiratory 
systems.  The  problem  of  arm  pain  when  instituting  high 
acceleration  protective  measures  also  requires  further 
study.  As  well,  if  aircrew  are  to  operate  to  altitudes  to 
70.000  feel  (21  km),  then  there  are  the  continuing 
research  challenges  of  decompression  sickness,  hypoxia, 
ebuliism  and  thermal  load  that  must  be  addressed.  On  the 
supply  side,  there  is  a  requirement  (or  further 
improvements  in  the  efficiency  of  on-board  oxygen 
generation  systems.  Other  thrusts  that  promote  joifit 
development  and  the  standardization  of  aircrew  protective 
equipment  should  also  be  considered  by  the  NATO 
aeromedical  community. 
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KCVNOIE  ADDRESS  -  HIGH  ALIIIUDE  G  -  AN  OPERATIONAL  PERSPECTIVE 

r.t .  Jo  I.  Kr.at  M.  Waage,  RKOAF 
Jopre.T.e  ht -icJquarters  Allied  ?o-..orG  Europe 
Operations  "ivlslon 

Air  oticoJon,  Cor.bat  Reaulre-esito  Branch 
B-rOiC  SHAPE,  'Eelriu" 

alr.tar, ,  Sadies  and  jehtler.e.n. 

Than/  yns  for  your  Ir.troductlir. .  „et  r.e  start  ty  saying  that  1  aa  very  happy  and 
hnnora  d  tc  tc-.r.cre  today  to  address  such  a  distinguished  group  of  people.  The  work  you 
aho  d'  ir;:  in  the  field  of  high  altitude  and  high  acceleration  protection  for  nllltary 
iircrf  w  Is  c-f  the  utnost  Irsportancc  for  those  of  us  who  are  Involved  In  this  business  on 
'j  day  ts'tlny  basis.  It  Is  fjultc  ctvlcus  tr.at  gaud  results  in  these  areas  r.ean  a  safer 
envi  rt.r.ner.t ,  leading  tc  better  effectiveness  which  again  ensures  a  high  degree  of 
.'■..’sslor.  .aucceso.  And  that  Is  what  It  Is  all  atest  -  to  get  the  weapons  on  the  right 
targe"  at  the  right  tlr.e. 

Ti  :.r.  I  the  scene  fer  tr.e  ocr.forf..ce,  1  will  loc.';  Ir.tc  sor^e  of  the  thoughts  being 
; :  sdassed  In  EHABE  at  the  rrostT'.t  tine  that  ccr.cerrs  the  future  structure  of  ‘iATO  with 
a  1  eaphaslc  cr.  the  air  side.  I  will  shortly  touch  upon  sette  of  the  tendencies  we 
lee  !•  t;.'-  airsra.t  cf  the  future  and  finally  touch  upon  scr.e  of  the  problecs 
c  x.re:-.:  eraed  by  pilots  cperotlr.g  the  aircraft  cf  today. 

Wit:.  ;  1  inb  dranatlc  political  ..hai.ges  that  have  r.afper.ca  in  the  world  the  last 
cduylf  0",’  years  and  with  the  signing  of  the  CFE  treaty  In  Paris  In  IJcvenber  last  year. 

It  tccor.e  quite  clear  that  IWATG  .needed  to  reassess  Its  strategy  and  Its  future  structure^ 
Thl.'i  s  a  work  that  has  not  tee:,  ccrpleted  but  Is  an  ongoing  process.  HATO's  future 
strategy,  emerging  frer.  the  l.cndtr  Peclaratlon,  will  be  a  ralx  of  continuity  and  change. 
The  A',  il.-tnce  -will  rer.aln  cor.c;lttf.  d  to  defend  all  territory  of  r.ember  nations  ar.d 
.•.udlc"’.'  fortes  will  continue  to  play  an  Inportar.t  role  In  the  strategy.  Crisis  r.ai.agt- 
••■.e:/,,  arcs  cor.trol  and  mutual  security  are  c-xar.ples  of  the  new  emerging  principles. 

Th.e  futui’o  military  strategy  will  be  largely  Influenced  by  s.T.aller  standing  forces  wltr. 
'.ewer  states  of  readiness  and  a  greater  dependence  on  force  generation.  It  will  re,;uire 
l;.drodCcd  ccnvontlcnal  flexibility  and  mobility  and  will  rely  more  on  Eultlnat ior.al  , 
forcer.  A  continued  presence  In  surepe  of  significant  forces  from  the  fJorth  Ar.erlear. 
,ir-oc!.'.3,£iles  Is  IndlsperiSablc . 

Where  HA70  efforts  previously  nave  been  focused  on  ensuring  adequate  resources  to  defend 
af'.'ilr.st  poiential  aggresslcn  by  a  numerically  superior  Warsaw  Pact,  the  changed  security 
cnvlrc  n.T.ent  permits  riATO  to  prepare  for  stability  In  Europe  through  the  protection  of 
peace.  Arms  control  has  bcccr.e  the  linchpin  In  securing  peace.  The  political  and 
.".llltbry  volatility  of  . Europe  have  decreased  with  the  evolution  of  a  matrix  of  treaties 
'jr;:!  arree.-cents  on  INF,  CPS,  START  ar.d  CSCE,  the  withdrawal  of  chemical  weapons  ar.d 
j.'.'ilci pated  3N?  negotiations.  However,  much  more  ressalns  to  be  acconpllshed.  Fufure 
f.orce  structures  r.ust  fully  ci.T.ply  with  all  treaties  and  agreenenta  and  must  be  trai.s- 
:  :i !■(:::•  t-v  nld  in  verification. 

verail  ulp,  of  the  arms  cer.ti-ci  process  is  to  achieve  stability  among  the  naiionu 
::,v;  lved  to  <'i  degree  w.here  the  use  of  force  fer  the  Implementation  of  political  ai.ms 
::::i  cl, Actives  is  not  a  feasible  option.  Every  nation  should  maintain  a  sufficient 
rllltory  capability,  in  concert  with  Its  allies,  to  defend  against  any  form  of 
argrcsslcn.  Therefore,  the  military  aim  of  the  arms  control  process  Is  to  arrive  at  a 
balance  cT  forces  at  the  lowest  level  practicable.  In  addition,  confidence  building 
reacurcs  must  complement  the  balance  of  forcea  to  enhance  transparency.  Defence 
sufficiency  Is  difficult  tc  determine.  Such  factors  as  geography,  population,  wealth 
and  Industrial  capabilities,  trade  lines,  vulnerabilities,  quantity,  quality  and  type  of 
wcafot;  .s.ystems,  as  well  as  the  slse  of  araJed  forces  have  to  be  taken  Into  account, 
bslanclr.c  the  capabilities  between  nations  or  groups  of  nations.  A  satisfactory  formula 
to  Include  all  these  factors  does  not  exist.  However,  one  Is  striving  to  develop  a 
methodology  that  reflects  the  Interdependency  of  the  various  factors.  In  absence  of 
-any  better  methods,  a  comparison  of  numbers  of  armed  forces  and  of  specific  weapons 
cyoter.3  has  been  taken  as  a  suitable  measure.  This  Is  a  quantitative  comparison,  but  a 
me.isure  of  the  quality  of  assets  has  to  play  a  greater  role  In  determining  the  future 
balance. 


;i3  far  as^geography  Is  concerned,  restricting  numbers  of  air  assets  to  specific  regions 
dees  not 'take  Into  account  the  ability  of  aircraft  to  redeply  quickly  Into  other  areas. 
Therefore  the  balance  of  air  power  must  be  achieved  by  looking  at  the  whole  of  the 
signatories  area  of  Interest  and  rcsponalblllty.  The  basic  queutlon  seems  to  be  which 
quantity  of  forces  may  be  considered  eufflclent  for  the  Soviet  Union,  not  only  looking 
towards  the  rest  of  Europe,  but  alao  considering  Its  Asiatic  area.  With  regard  to  air 
power  the  SU  must  be  viewed  as  a  whole  with  differentlatlone  being  made  for  long  range  or 
rapidly  deployable  assets  as  compared  to  relatively  static  air  power  assets.  Therefore, 
sufficiency  for  defence  can  not  be  determined  by  looking  at  the  eaat  >  west  relatlonahlp 
alone.  For  the  SU,  the  quantity  and  quality  of  forces  will,  to  a  great  extent,  depend  on 
ti'.e  situation  In  east  and  scuth-east  Asia  aa  well  as  on  its  southern  flank.  For  European 
nations  the  balance  of  forcea  and  the  political  relationa  with  respeeP  to  the  Near  East 
and  some  African  nations  will  be  determining  factors  as  well  aa  the  rilatlohshlp  to  the  SU. 
Worldwide  commitments  for  some  NATO  nations  have  also  to  be  taken  Intd  conalderatlon. 
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The  quality  and  quantity  of  air  power  necessary  for  a  defender  can  by  the  very  nature 
of  air  power  also  be  used  to  enhance  aggression.  Biit  -  since  air  power  by  itself  has  no 
invasion  capability,  and  since  it  reduces  the  odds  for  the  defender  particularly  in  the 
beginning  of  a  conflict,  it  should  be  considered  as  a  factor  which  enhances  overall 
stability  as  long  as  decisive  disparities  between  potential  opponents  can  be  avoided 
through  arno  control  agreements. 

The  cha'nge  in  east  -  west  relations  from  confrontation  to  cooperation,  the  anticipated 
reduction  and  disengagement  of  forces  in  the  relevant  geographical  area,  as  well  as  the 
military  capabilities  in  other  areas,  mean  that  a  large  scale  invasion  into  the  Alliance 
area  Is  less  likely  to  occur  and  will  not  be  possible  without  longer  preparation  times. 
However,  growing  instability  around  the  borders  of  the  Alliance  could  lead  to  crisis 
and  spillover  conflicts.  In  this  context,  the  role  of  air  power  as  the  most  flexible 
of  the  military  instruments  for  defence  will  increase  in  the  future.  The  verification 
of  arms  control  arrangements  is  enhanced  by  reconnaissance  and  surveillance  provided  by 
air  aosetSi  .including  those  positioned  in  space.  Effective  reconnaissance  and 
surveillance  will  also  monitor  force  disposition,  displacement  and  possible  buildup 
against  any  nation  of  the  Alliance,  thus  providing  for  the  necessary  political  and 
military  warning  time.  The  ability  to  increase  quickly  the  state  of  readiness  of 
Alliance  air  power,  is  a  strong  deterrent  to  a  potential  aggressor.  Air  power's  Inherent 
flexibility  in  changing  the  state  of  readiness,  becomes  an  effective  tool  in  crisis 
r.citrigome.nt  escalation  and  de-escalation. 

Nevertheless,  a  determined  aggressor  may  be  able  to  concentrate  forces  before  the  defender 
Is  able  to  react  effectively,  with  land  or  sea  power.  Air  power  must  therefore  be  used 
to  cou.-.ter  any  concentration  with  air  to  ground  assets  and  to  protect  the  buildup  of  own 
.'’or.-cs  with  air  defence  assets.  Air  power  has  become  the  Instrument  whereby  smaller  In- 
rlace  larm!  forces,  at  reduced  readiness,  can  be  permitted  an  adequate  buildup. 

As  new,  it  is  conceivable  that  a  future  aggressor  will  commence  an  attack  with  an 
offMalve  counter  air  ca.mpalgn  to  prevent  sortie  generation  of  Alliance  air  assets.  At 
the  cam.o  time  or  in  subsequent  operations,  the  aggressor  will  use  his  air  power  to 
prevent  Alliance  ground  forces  from  joining  the  battle  while  maintaining  a  favorable 
air  situation. 

The  tasks  for  our  air  forces  remain  basically  the  sane  as  they  are  today.  The  overall 
■number  of  targets  and  areas  of  operation  may  be  reduced,  but  because  of  the  inability  of 
surface  forces  to  react  lm.medlately  to  concentrations  of  an  aggressor,  our  own  air  forces 
will  be  needed  to  fulfill  many  of  the  Key  Mission  Components  at  the  same  time  in  several 
theaters  of  war.  This  will,  as  before,  create  a  high  demand  and  the  availability  of  air 
power  from  the  very  beginning  of  a  conflict.  Offensive  air  operations  in  conjunction 
wlt.h  Defensive  Counter  Air  will  oo.ntl.nue  to  play  a  vital  role  for  the  success  of  defence. 
;;:e  absence  of  air  forces  would  greatly  enhance  the  chance  of  an  enemy's  aggression  to 
succeed,  especially  with  the  reduced  number  of  ground  forces  available.  And  the 
iboer.ee  of  air  power  would  Inhibit  our  ability  as  defenders  to  enforce  a  change  in  an 
rirg.-eooor '  s  posture. 

To  CUM  uri  this  portion  of  my  introduction,  I  think  we  can  state  that  the  Inherent 
cspsbll itles  of  air  power  ouch  as  flexibility,  mobility,  speed  and  the  abllltly  to 
concentrate  force  and  firepower  make  it  very  well  suited  for  rapid  adaption  to  the 

requirements  of  the  future  security  environment.  Air  power  must  be  seen  as  a  synergy 
of  weapons  systems  (aircraft,  SAMs  etc),  air  bases  (with  necessary  infrastructure  and 
logistic  support)  and  a  command  and  control  capability  for  nuclear  and  conventional  force 
postures.  Only  the  balanced  provision  of  all  three  elements  can  constitute  an  effective 
deterrent  and,  if  necessary,  fighting  force.  Concerning  the  future  force  levels.  It 
seems  to  be  clear  that  even  if  the  CFE  treaty  haa  set  a  celling  on  the  number  of  combat 
aircraft  NATO  may  possess  in  the  ATTU,  political  and  economic  constraints  suggest  that 
forces  will  be  well  short  of  those  limits,  making  the  need  for  flexibility  and  mobility  , 
to  concentrate  hecessiry  forces  in  a  potential  conflict  area  all  the  more  Important. 

Now  then,  after  having  established  the  fast  that  aircraft  will  remain  a  very  Important 
part  of  the  military  future,  let  us  take  a  quick  look  at  what  we  can  expect  to  find  in 
the  field  of  future  developments.  There  Is  a  lot  of  activity  going  on  these  days  with 
controversy  attached  to  many  of  the  projects.  On  the  "other  side"  of  the  fence  we  have 
seen  the  introduction  of  some  very  capable  aircraft  lately,  like  the  Mig-31  Foxhound, 
the  follow  on  to  Foxbat;  the  Mlg-29  Fulcrum  and  the  Su-27  Flanker,  all  of  which  have 
narrowed  the  technology  gap  between  the  East  and  the  West.  They  are  formidable  aircraft 
with  formidable  performance  as  shown  by  numerous  demonstrations  at  different  alrshows 
the  last  few  years.  And  after  the  unification  of  Oermany  we  have  been  able  to  carry 
out  hands  on*  testing  with  the  Mlg-29.  In  a  aimulated  air  combat  engagement  against  a 
F-16  at  the  German  Luftwaffe's  test  center  at  Manchlng,  the  Fulcrum  engaged  and  destroyed 
the  F-l6  at  a  distance  of  37  NM,  which  Is  outstanding,  and  which  shdws  the  capabllltlea 
of  the  weapon  platform.  Throughout  the  1990's,  updated  verslona  with  Improved  engines 
and  Improved  performance  can  be  expected,  as  well  as  the  emergence  of  the  next  genera¬ 
tion  fighter  in  the  beginning  of  the  next  century.  More  capable  bombers  are  also  being 
introduced,  which  means  that  we  will  be  facing  a  reduced  air  force  In  site,  but  with 
much  Improved  capabilities. 

And  what  about  ourselves?  The  discussions  about  the  future  are  strong  and  heated. 

Which  way  to  go,  what  do  we  need,  how  much  do  we  really  need  and  how  much  are  we  willing 
to  spend  on  the  air  force  of  the  future?  They  are  all  very  important  questions,  and  I 
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feel  that  a  lot  of  the  lessons  learned  from  the  recent  war  in  the  Middle  East  certainly 
will  add  arguments  to  the  discussion.  Tendencies:  Stealth  has  been  a  big  issue  for 
some  time  and  the  principle  of  stealth  was  proven  in  the  Gulf  war.  But  one  of  the 
problems  associated  with  stealth  so  far  has  been  price.  The  future  of  the  B-2  is 
uncertain  and  the  A- 12  has  been  cancelled  (at  least  for  the  time  being).  On  the  fighter 
side  there  are  several  projects  running.  The  two  contenders  to  become  the  US  Air  Force's 
ATF  are  the  Northrop /McDonnell  Douglas  YF-23  and  the  Lockheed/Boelng/General  Dynamics  » 

YF-22.  Either,  or  maybe  both,  may  prove  to  be  ideal  as  the  USAF's  primary  interceptor 
of  the  future.  Both  aircraft  are  stealthy  and  can  cruise  at  supersonic  speeds  without 
the  use  of  afterburners,  thus  gaining  great  range.  Advanced  use  of  the  nozzles  give 
improved  maneuverability.  These  capabilities  combined  with  advanced  BVR  and  short  range 
air-to-air  weapons  will  allow  the  aircraft  to  penetrate  deep  into  enemy  territory  with  a 
high  degree  of  survivability,  again  a  point  that  was  emphasised  during  the  Gulf  war.  A 
decision  on  which  ATF  to  acquire  was  actually  made  on  the  23rd  of  April  in  favour  of  the 
YF-22.  On  the  European  side  of  the  Atlantic  we  hear  most  about  aircraft  like  the  EFA, 
the  Rafale  and  the  JAS  Grlpen.  The  European  Fighter  Aircraft  which  is  a  coproduction 
between  Britain,  Germany,  Italy  and  Spain  will  eventually  replace  aircraft  like  the 
Tornado,  the  Phantoms  and  the  UK  Jaguars.  The  Rafale  will  update  the  French  Air  Force 
while  the  Grlpen  will  do  the  same  for  the  Swedish  Air  Force.  In  addition  we  also  see  that 
updates  to  aircraft  like  the  F-14,  F-15,  F-I6  and  P-I8  are  being  proposed,  updates  that 
will  improve  the  overall  capabilities  of  all  these  aircraft. 

But  what  about  Unmanned  Air  Vehicles,  or  UAVs  as  we  call  them?  They  have  been  in 
existence  for  quite  some  time  but  had  net  been  put  to  extensive  use  until  recently. 

The  breakthrough  for  the  long  range  cruise  missile  came  during  the  Gulf  war  where  a 
substantial  number  of  weapons  were  used  against  high  valub  targets  within  the  Iraqi 
air  defence  systems  and  command  and  control  sites.  It  seems  logical  that  other  high 
value  targets  will  bo  Included  in  the  list  of  possible  targets  for  these  weapons  in  the 
future,  possibly  reducing  the  need  for  the  manned  aircraft  to  penetrate  deep  into  enemy 
territory  to  attack  their  targets.  Other  applications  for  the  UAVs  are  In  surveillance, 
reconnaissance  and  target  acquisition  and  also  as  Jammers  and  as  hard  kill  systems  used 
in  Suppression  of  Enemy  Air  Defenses  (SEAD).  From  this  we  can  expect  these  UAVs  to  be 
valuable  additional  assets  in  a  future  air  power  structure.  But  within  what  we  can  call 
the  pverseeable  future,  it  is  quite  obvious  that  the  main  Instrument  in  any  air  force 
will  be  the  manned  aircraft. 

When  the  coalition  of  forces  in  the  Middle  East  managed  to  establish  absolute  air  supremacy 
at  an  early  stage  of  the  war,  the  attackers  could  fly  their  missions  at  middle  to  high 
altitudes,  allowing  them  to  stay  out  of  range  of  any  anti  air  artillery  or  small  arms  fire 
that  could  pose  a  threat  to  their  operations.  This  may  not,  and  will  most  probably  noti 
bo  the  case  in  any  other  future  conflict.  With  the  very  strong  SAM  and  AAA  envisaged 
used  by  the  enemy,  the  need  to  fly  low  and  at  high  penetrating  speeds  will  still  exist 
in  the  future.  So  then; will  not  necessarily  be  any  big  changes  to  the  way  we  physically 
do  our  business  when  looking  20-25  years  down-stream.  Our  war  fighting  system  -  i.e. 
the  manned  aircraft  -  still  depend  on  the  man  in  the  cockpit  as  a  decision-maker  and 
controller.  This  man  is  better  trained  and  more  knowledgeable  than  ever  before,  but  the 
fact  remains  he  is  Just  a  man  with  his  well  known  limitations.  His  tolerance  for  vibra¬ 
tion,  heat,  hypoxia  and  0-forces  has  not  Improved.  His  visual  perception  and  informa¬ 
tion-processing  capacity  are  unchanged.  His  decision-making  ability  remains  susceptible 
to  fatigue,  illusions  and  the  stress  of  combat.  To  try  to  solve  these  problems  you  have 
tried  to,  and  are  still  working  at,  improving  the  personal  equipment  necessary  to  enhance 
the  pilot's  capabilities  in  the  aircraft.  But  this  also  encumbers  the  pilot  considerably. 
-d='or  myself,  the  situation  has  been  that  I  have  grown  up  in  an  environment  in  Norway  where 
we  have  to  fly  with  an  emersion  suit  the  whole  year.  And  that  piece  of  kit  in  combination 
with  long  underwear,  a  G-suit,  a  sweater  and  a  flight  suit  is  certainly  good  tc  have  the 
moment  you  have  to  leave  the  aircraft  for  any  operational  reason,  but  at  the  same  time 
fatigues  you  when  you  are  in  the  midst  of  a  long  mission  with  high-O  maneuvering  and  a 
high  work  load.  Add  to  this  a  chemical  protective  equipment  -  which  is  something  I  have 
not  tried  myself,  but  several  air  forces  have  developed  systems  that  are  reaching 
maturity,  and  add  also  a  possible  body  armor,  a  helmet  mounted  sighting  system  or  a  night 
visiqn  apparatus,  and  it  all  adds  up  to  something  that  exacts  a  physiological  toll  on  the  ' 
pilot  and  at  a  certain  point  may  compromise  his  perfonnance  capacity.  The  tendency  to 
attach  more  and  more  devices  to  the  head  is  a  particular  concern  with  respect  to  head 
mobility  and  neck  fatigue. 

As  for  the  neck  problem,  this  is  a  well  documented  phenomenon,  especially  in  conjunction 
with  the  high  performance  aircraft  of  today  where  a  9  0  pull  is  something  that  is  part 
of  almost  every  mission.  It  is  something  that  every  pilot  needs  to  get  used  to  by 
preparing  himself  both  mentally  and  physiologically  through  training  and  mental  awareness. 
Even  with  today's  lightweight  helmets  there  is  a  definite  problem  present  if  you  as  a 
pilot  are  caught  off  guard.  And  it  seems  obvious  that  if  we  keep  adding  bulky  equipment 
for  different  purposes  to  the  helmet,  which  was  originally  constructed  to  give  the  pilot 
added  protection,  we  mlgh  create  a  new  problem  while  trying  t  solve  other  problems. 

But  there  is  obviously  the  tendency  that  modern  technology  when  properly  packaged,  will 
come  up  with  'compact  solutions  that  are  acceptable  both  for  the  weapons  system  and  for 
the  pilot. 
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Another  obvious  problem  area  associated  with  high  G  Is  the  G-lnduced  loss  of 
consciousness,  or  better  known  as  G-loc.  Systems  for  the  prevention  of  this  to  happen 
In  high  performance  fighter  aircraft  have  received  Increasing  attention  In  the  past  few 
■years.  There  are  many  Ideas  as  you  are  all  very  aware  of,  but  no  consensus  on  how  a 
G-loc  system  should  be  Implemented  has  been  reached.  What  la  Interesting  to  notice  Is 
that  according  to  Information  I  have,  there  has  not  been  made  any  reference  to  Include 
a  G-loc  system  In  the  specification  for  the  ATF.  But  when  that  is  said.  It  seems  that 
the  yF-23  Includes  an  assisted  positive  pressure  breathing  system  that  should  Increase 
the  pilot's  ability  to  tolerate  0-forces.  And  until  the  magic  solution  appears  we  Just 
have  to  keep  the  awareness  of  the  problem  alive  and  have  the  pilots  practice  and  use  the 
different  techniques  and  systems  that  are  known  and  available  today.  One  thing  we  have 
started  using  In  the  Norwegian  Air  Force  Is  a  simple  warming  up  process  before  going  out 
to  do  air  combat  to  enable  you  to  establish  your  tolerance  level  of  the  day  and  to 
accubtom  your  body  tO  the  strain  of  high  G  before  having  to  react  to  the  first  surprise 
attack^  of  the  day.  Invariably  the  one  where  you  find  you'll  employ  the  most  Gs.  On  the 
deveiop.ment  side  of  the  house  I  am  sure  that  you  all  are  familiar  with  the  system  called 
Combat  Edge,  which  Is  an  "Enhanced  Design  G-Ensemble".  This  system  Is  a  simplified 
version  of  a  fully  developed  Tactical  Life  Support  System,  and  should  to  the  extent 
pooulble  use  co.mponents  already  Incorporated  In  the  P-15  and  P-16  aircraft  and  In  the 
personal  kit  of  the  pilot.  What  needed  to  be  changed  or  Improved  were  a  new  0-valve 
a.nd  a  new  oxygen  regulator  In  the  aircraft.  Por  the  pilot's  equipment  a  modification  to 
the  helmet  was  needed,  a  new  oxygen  mask,  a  new  positive  pressure  vest  and  a  new 
connector  piece.  Tests  have  shown  the/ equipment  to  be  very  effective,  and  at  a  price  of 
leob  than  10.000  $  per  copy.  It  seems  to  be  a  small  price  to  pay  for  the  added  protection 
It  gives.  But  there  Is  still  quite  a  way  to  go  before  we  have  a  system  that  Is  Ideal. 
Additional  features  that  will  need  to  be  Incorporated  are: 

l.m.proved  d-protectlon  by  an  Improved  antl-G  suit  of  thr  full  body  type 
better  protection  against  hypoxia  In  case  of  decompression  (there  will  still  be  a  need 
to  fly  high  to  reach  highflying  bombers,  surveillance  a/c  etc,  and  for  own  transit) 
better  protection  against  NBC 

an  "onboard  oxygen  generating  system"  -  already  In  use  in  some  systems 
a  system  to  keep  the  pilot  nice  and  cool  (liquid  cooled  vest  like  the  one  the 
Canadians  are  using) 

-  the  use  of  all  the  above  In  combination  with  an  exposure  suit  that  will  remain  water¬ 
tight 

These  are  the  capabilities  we  as  pilots  want  to  have  In  our  aircraft  to  Improve  the  per- 
for.m.anoo  of  the  weapons  system  we  have  been  trained  to  operate,  and  put  together  so  It 
does  not  hamper  us  in  our  Job  performance. 

But  along  with  this  we  also  see  that  our  more  complex  and  sophisticated  weapons  systems  , 
require  their  operators  to  do  more  In  less  time.  In  more  complex  scenarios  where  a 
pilot  Is  preparing  his  attack,  has  to  get  his  weapons  ready,  la  on  the  lookout  for  enemy 
aircraft,  has  to  respond  to  warnings  received  on  his  RWB  or  MAW  and,  at  the  same  tine, 
has  to  fly  his  aircraft  to  stay  clear  of  the  ground  and  to  obtain  the  right  position  to 
deliver  the  weapons,  situations  can  develop  where  a  suitable  deacrlptlon  for  the  cockpit 
workload  Is  "too  high".  So  what  do  we  do?  We  design  cockpits  which  have  the  ultimate 
goal  Co  reduce  the  workload.  But  Is  this  work  done  In  conjunction  with  all  the  other 
work  t'nat  goes  Into  trying  to  Improve  the  situation  for  the  pilot  and  Improve  on  mission 
effectiveness?  Is  the  Integration  good  enough  between  the  different  agencies  working 
all  these  complex  problems?  As  a  pilot  I  certainly  hope  that  that  la  the  case.  Because 
with  that  as  a  starting  point  I  feel  certain  that  we  can  avoid  what  has  happened  before 
when  one  agency  has  come  up  with  a  solution  to  their  particular  problem,  without  taking 
Into  account  the  problem  of  other  agencies  trying  to  solve  different  problems,  but  with 
the  same  ultimate  goal  In  mind  -  to  make  the  working  conditions  for  the  pilot  as  good 
and  as  safe  as  possible. 

Ladles  and  gentlemen.  I  hope  that  1  have  made  It  quite  clear  to  you  that  the  manned 
aircraft  will  remain  a  very  Important  part  of  the  future  armed  forces,  that  It  will  be 
necessary  to  continue  to  fly  both  at  low  and  high  altitude  and  that  high  Oa  will 
continue  to  be  the  lot  of  fighter  pilots  also  In  the  future.  In  order  to  perform  the 
required  mission  In  the  years  ahead.  Undoubtedly,  the  excellent  work  you  have  been  doing 
until  now  and  that,  obviously,  you  Intend  to  carry  on,  will  be  of  the  utmost  Importance 
to  the  guy  In  the  cockpit  and  to  the  Successful  completion  of  his  mission.  I  know  you 
will  have  some  very  good  working  days  here  In  Pensacola  and  look  foxM«ard  to  attend  the 
presentations  to  be  made.  Good  luck  on  your  workl  Thank  you  for  your  attention.- 


Best 


CopV 
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SUMMARY 

The  use  of  high  altitude  air  space  for  military  activities  exposes  flight  crews  to  the  hazards 
of  near  vacuum  ambient  pressures.  Both  the  US  Advanced  Tactical  Fighter  and  the  National 
Aerospace  Plane  will  travel  at  heights  where  unprotected  exposure  to  the  environment  leads  to 
severe  physiological  consequences,  including  decompression  sickness  (DCS)  and  ebullism 
Information  about  DCS  occurring  at  or  above  altitudes  of  40.000  feet  is  minimal.  Theoretically, 
bubble  growth  will  be  rapid  and  latency  of  symptoms  short.  The  ultimate  DCS  consequences  of  such 
high  exposures,  even  very  short  ones,  may  be  influenced  by  the  pre  and  post  events  of  a  rapid 
decompression  (RD).  including  prebreathing,  and  post-exposure  medical  intervention 

Ebullism,  or  the  vaporization  of  body  fluids,  poses  additional  physiological  risks  to  flight 
above  63,000  feet.  Medical  treatment  protocols  for  ebullism  in  the  event  of  accidental  manned 
exposures  to  extreme  altitudes  do  not  exist.  As  research,  training,  and  operational  flights  of  new 
aircraft  increase,  the  potential  for  exposure  increases.  The  establishment  of  new  protective 
measures  and  treatment  protocols  becomes  essential 


1  Introduction 

The  new  generation  of  aircraft  such  as  the  US  Advanced  Tactical  Fighter  (ATF),  the  European 
Fighter  Aircraft  (EFA),  and  various  National  Aerospace  Plane  (NASP)  derivatives  are  expected  to 
routinely  fly  above  40.000  feet.  In  addition  to  potential  high  altitude  human  exposure  in  new 
aircraft,  research  and  training  altitude  chamber  activities  involving  rapid  decompressions  are 
expected  to  increase  Although  their  mission  Is  less  glamorous  in  mission,  such  chamber  activity 
will  be  vital  for  the  development  of  safe  operational  capabilities 

In  any  high  altitude  operation,  the  inherent  risk  of  rapid  decompression  must  be  considered. 
Potential  physiological  hazards  associated  with  emergency  rapid  decompressions  include  hypoxia, 
ebullism,  DCS.  cerebral  arterial  gas  embolism  (CAGE),  extreme  thermal  exposure,  and  trapp^  gas 
problems.  Conventional  protection  against  these  hazards  include  cabin  pressurization,  full  pressure 
suits,  and  potentially,  partial  pressure  suits.  Measures  to  deal  with  the  failure  of  these  systems 
must  be  defined.  Currently,  full  pressure  suits  are  used  in  high  altitude  reconnaissance  aircraft  such 
as  the  TR-1.  They  are  also  employed  in  space  (or  extravehicular  activity  (EVA).  Those  suits  may  not 
be  practical  in  the  new  fighter  aircraft  because  of  restricted  mobility,  poor  comfort,  and  logistical 
problems.  For  these  aircraft,  partial  pressure  ensembles  that  provide  both  G-protection  and  hypoxia 
protection  are  expected  to  be  implemented.  These  garments  only  provide  partial  protection  against 
the  severe  physiological  consequences  of  DCS  and  ebullism.  Human  experiments  at  very  high 
altitudes  have  demonstrated  that  conscious  survival  for  very  short  "get-me-down"  scenarios  is 
possible  wearing  partial  pressure  protection  with  positive  pressure  breathing.  However,  the 
physiological  risks  of  positive  pressure  breathing  at  very  high  intrapiilmonary  pressures  are  being  re¬ 
evaluated.  In  addition,  the  onset  and  severity  of  DCS.  and  the  catastrophic  effects  of  ebullism  at 
these  very  high  altitudes  also  need  elucidation 

This  paper  is  limited  to  a  discussion  of  the  conditions  of  DCS  and  ebullism  associated  with 
exposure  to  altitudes  above  FL  400.  The  general  purpose  of  the  paper  is  to  discuss  the  current 
understanding  of  these  two  conditions,  and  to  explore  critical  areas  of  physiological  research 
necessary  for  expanded  (light  operations  to  higher  altitudes.  The  specific  objectives  include:  1)  to 
review  some  recent  DCS  research  results  and  apply  them  to  an  example  scenario  of  a  future  aircraft, 
and  2)  to  develop  a  hypothesis  for  an  expanded  window  of  survival  after  ebullism 
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2  Decompression  Sickness  Above  FI  400 

DCS  is  a  potentially  serious  condition,  especially  in  single  seat  tactical  aircraft.  In  the  USAF. 
DCS  occurs  most  frequently  in  unpressurized  aircraft  or  in  aircraft  whose  pressurization  systems 
allow  the  crew  to  be  exposed  to  cabin  altitudes  above  20,000  feet  for  long  periods.  A  report 
published  in  1988  describes  a  fatal  accident  in  which  a  pilot  was  exposed  to  an  unpressurized  flight 
to  28,000  feet  for  30  minutes  (29).  In  1989,  another  report  described  a  co-pilot's  loss  of 
consciousness  from  DCS  in  a  unpressurized  commercial  aircraft  The  exposure  was  at  29,000  feet 
for  approximately  15  minutes  with  no  prebraathing  (51).  A  recent  study  at  the  Armstrong 
Laboratory  showed  that  1  hour  prebreathing  followed  by  4  hour  exposures  to  29,500  feet  resulted  in 
73%  bends  and  80%  intravascular  bubbles  (35)  USAF  high  altitude  reconnaissance  aircrews  are 
routinely  exposed  to  altitudes  of  28.000  to  29,000  feet  for  periods  of  approximately  9  hours.  Meader 
(27)  described  36  cases  (958  flights)  of  DCS  in  U-2  pilots  and,  more  recently,  Sherman  reviewed  the 
current  DCS  incidence  in  high  altitude  reconnaissance  operations  (40)  He  described  18  cases 
reported  between  1976  and  1990  resulting  in  an  incidence  of  0.06%.  This  is  a  very  small  incidence 
when  compared  to  the  research  results  cited  above  However,  it  is  generally  accepted  that  there  is  a 
reporting  reluctance  in  the  operational  setting  due  to  career  considerations  (33) 

Unlike  the  TF)-1/'U-2,  the  new  high  altitude  fighter  aircraft  will  presumably  not  have  preflight 
denitrogenation  procedures  for  protection  against  DCS,  l^et  it  is  likely  that  there  will  be  a  5  psi 
differential  pressurization  schedule  above  23,000  feet  aircraft  altitude  Thus,  cabin  altitudes  may 
reach  levels  known  to  have  significant  DCS  risk  when  exposure  times  exceed  one  hour  Furthermore, 
if  an  accidental  RO  occurs  during  such  a  flight,  DCS  risk  may  become  paramount 

There  are  very  few  studies  on  DCS  above  40,000  feet  In  1945,  Sweeney  reported  that  ’about 
20%  of  the  subjects  decompressed  to  altitudes  above  40.000  feet  suffered  bends  during  the  ensuing 
five  minutes  at  altitude  (43)."  Annis  and  Webb  (45)  noted  a  DCS  incident  in  one  of  their  subjects 
within  5  minutes  of  being  exposed  to  80,000  feet  simulated  altitude,  even  though  he  had  prebreathed 
for  3  hours.  These  subjects  were  wearing  an  elastic  suit  with  positive  pressure  breathing 
capability.  On  the  other  hand,  much  data  exists  for  DCS  below  40,000  feet,  and  an  altitude 
decompression  model  is  currently  being  developed  at  the  Armstrong  Laboratory  (36)  Based  on  DCS 
databases  from  the  lower  altitudes,  this  model  will  be  applied  to  flight  scenarios  above  40.000  feet 
Such  a  model  incorporated  into  appropriate  hardware  will  provide  both  real  time  and  predictive  DCS 
risk  assessment  capability.  Research  to  verify  model  generated  data  is  planned.  This  research  will 
also  address  the  severity  of  clinical  manifestation,  onset  times,  and  decompression  effects  in  "get- 
me-down”  scenarios.  When  this  computer  becomes  available,  immediate  DCS  risk  prediction  will 
greatly  assist  the  development  of  future  life  support  systems.  Since  computerized  DCS  predictive 
capability  is  not  immediately  available,  this  discussion  will  attempt  to  assess  DCS  risk  for  flight 
above  FL  400  by  combining  results  of  several  recent  research  projects  with  research  results  dating 
back  to  the  I940's  and  1950's 


2  1  DCS  and  Bubbles 

It  is  well  known  that  DCS  severity  increases  and  onset  times  decrease  with  altitude  (14) 
Furthermore,  rapid  decompression  to  altitudes  above  40.000  feet  carries  higher  risk  than  slow 
ascents  or  ascents  to  lower  altitudes.  However,  few  data  are  available  on  DCS  in  humans  at  high 
altitudes  In  vitro  bubble  growth  experiments  have  shown  that,  at  relatively  low  altitudes,  i.e.  less 
than  25,000  feet,  bubbles  grow  at  a  gradually  decreasing  rats  and  reach  relatively  small  diameters 
as  dictated  by  Boyle's  Law  (Fig  1).  At  high  altitudes,  i.e.  over  30,000  feet,  the  bubbles  maintain  a 
period  of  rapid  growth  before  tapering  off,  and  attain  proportionately  larger  diameters  (30) 
Asymptomatic  intravenous  bubbles  have  been  detected  as  low  as  10.250  feet  (10).  while  at  higher 
altitudes,  venous  gas  emboli  (VGE)  and  symptoms  frequently  occur  in  close  succession  (48)  In  a 
recent  paper.  Olson  and  Krutz  (31)  related  the  bubble  growth  curve  in  Figure  1  to  the  latent  period  of 
DCS  symptoms  and  concluded  that  the  rate  of  bubble  growth  and  the  resulting  bubble  size  is  the 
critical  factor  in  the  latency  and  development  of  DCS 


1,1 


Figure  No.  1  Three-dimensional  graph  of  bubble  size  as  a  function  of  altitude  and 
time  (from  Olson  and  Krutz  (30)). 

The  onset  of  symptoms  is  probably  dictated  not  only  by  the  size  of  the  bubbles,  but  also  by  the 
number  and  location  of  these  bubbles.  Bubble  tormation  is  not  well  understood  The  concept  of 
bubble  nuclei  has  gained  acceptance  in  recent  years.  However,  the  definition  of  bubble  nuclei  is 
controversial  and  has  ranged  from  "tiny"  bubbles  to  "potential"  for  bubble  formation  (44).  As 
decompression  progresses,  there  are  more  bubbles  and  they  are  larger  at  all  levels  of  the  spectrum 
represented  in  Figure  2.  Although  it  can  be  generalized  that  symptoms  are  at  their  worst  at  the 
upper  right  of  the  spectrum,  in  some  tissues  problems  can  certainly  occur  with  fewer  and  smaller 
bubbles.  Conversely,  the  advent  of  in-vivo  bubble  detection  methods  has  confirmed  that  the 
appearance  of  nonpain-producing  bubbles,  or  "silent  bubbles"  can  indeed  occur  well  before  the 
clinical  manifestations  of  DCS  (37) 


Bubble  Number 


Figure  2.  Relationship  of  bubbles  to  DCS 

During  the  last  decade.  DCS  research  efforts  have  often  used  noninvasive  precordial  Doppler 
bubble  detection  techniques  (32).  DCS  studies  at  the  Armstrong  Laboratory  currently  use  a 


combination  of  Echocardiogram  and  Doppler  for  simultaneous  visual  and  aural  monitoring  of 
precordial  venous  gas  emboli  (2).  All  subjects  are  monitored  with  the  Echo/Doppler  to  document  the 
onset  and  degree  of  bubble  formation.  For  example,  Echo/Doppler  can  give  an  indication  of  how 
effective  the  prebreathe  period  was  by  indicating  how  quickly  bubbles  develop.  Bubbles  are  recorded 
with  the  Echo  by  viewing  a  four  chamber  window  of  the  heart.  The  Doppler  Is  aimed  at  the  right 
heart,  and  sound  recordings  are  made  as  the  bubbles  enter  the  right  sided  circulation.  Bubbles  are 
graded  from  1  to  4  depending  on  the  aural  and  visual  assessment  of  the  number  passing  through  the 
right  heart  Grade  1  bubbles  are  defined  as  occasional  bubbles.  Grade  4  bubbles  are  so  numerous  that 
they  are  heard  continuously  and  obscure  the  heart  sounds. 

Although  the  use  of  precordial  Echo/Doppler  recording  has  great  research  value,  its  clinical  use 
IS  very  limited.  It  is  difficult  to  correlate  the  occurrence  of  decompression  sickness  symptoms  and 
the  appearance  of  intravascular  bubbles.  Indeed,  subjects  frequently  have  grade  4  bubbles  without 
complaining  of  pain  and  some  have  pain  without  any  precordial  bubbles.  This  is  understandable 
because  intravascular  bubbles  may  not  correlate  with  extravascular  bubbles  and  it  is  believed  that 
the  extravascular  bubbles  produce  most  symptoms.  Thus,  the  Echo/Doppler  data  should  not  be  used 
as  an  endpoint  in  place  of  clinical  decompression  sickness  symptoms  (47) 


2  2  DCS  Incidence  and  Onset 

Results  from  almost  10  years  of  DCS  research  at  the  Armstrong  Laboratory  are  compiled  in  a 
database  described  in  Webb  et  al  (46)  The  incidence  of  both  bubbles  and  DCS  symptoms  for 
altitudes  up  to  30.000  feet  are  shown  in  Table  1.  As  was  mentioned,  bubbles  first  appear  at  10.250 
feet,  while  bends  is  first  seen  at  15.000  feet.  Again,  it  is  evident  that  as  altitude  increases.  DCS 
incidence  increases 

It  has  generally  been  assumed  that  there  is  a  short  "grace"  period  (5  to  10  min)  before  DCS 
onset  at  any  altitude  above  30.000  feet  due  to  the  "inertia"  of  symptom  onset.  However,  since 
essentially  no  hard  DCS  data  for  altitudes  above  40,000  feet  exist,  the  real  onset  times  at  these  low 
pressures  are  unknown.  For  lower  altitudes,  if  latency  of  DCS  is  plotted  against  altitude,  there 
appears  to  be  a  linear  relationship.  Figure  3  shows  the  latency  of  DCS  with  no  prebreathing,  and 
Figure  4  shows  the  latency  with  one  hour  of  prebreathing.  The  data  for  these  plots  were  obtained 
from  the  above  mentioned  database  (46),  and  a  number  of  papers  from  the  1940's  and  I950's  (6.  8. 

12,  16.  28,  42,).  The  results  were  screened  to  only  include  experiments  that  used  mild  exercise  and 
defined  the  onset  of  DCS  as  the  point  at  which  mild  (Grade  2)  symptoms  were  noted  There  are  no 
plots  above  38.000  feet  because  usable  data  could  not  be  found  When  these  linear  bands  of 
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Table  1.  Incidence  and  latency  data  for  male  subjects  exposed  to  various  altitudes 
(from  the  Armstrong  Laboratory  DCS  Database  (46)). 
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Figure  3.  Mean  DCS  latency  vs.  exposure  altitude  (k  represents  1 ,000  feet)  with  no 
denitrogenation.  (Linear  regression  line  with  upper  and  lower  bounds  of  95% 
confidence  interval  has  been  superimposed  over  the  data  points.) 


Figure  4.  Mean  DCS  latency  vs.  exposure  altitude  (k  represents  1,000  teet)  with  one 
hour  of  denitrogenation.  (Linear  regression  line  with  upper  and  lower  bounds  of  95% 
confidence  interval  has  been  superimposed  over  the  data  points  ) 

latency  are  extended  above  40,000  feet,  it  can  be  concluded  that  the  time  to  onset  of  symptoms 
becomes  "very  short',  probably  shorter  than  was  previously  believed.  Therefore,  if  the  linearity  in 
Figures  3  and  4  holds,  there  may  be  a  significant  DCS  hazard  in  high  altitude  'get-me-down' 
scenarios  even  with  very  short  exposure  times.  Studies  using  Echo/Doppler  Imaging  Systems  are 
planned  at  the  Armstrong  Laboratory  on  chamber  flights  above  40,000  feet  in  an  attempt  to  verify 
this  theory. 


2.3  Inflight  Denitrogenation 

It  was  recognized  in  the  1940's  that  denitrogenation  at  altitude,  if  as  effective  as  at  ground 
level,  would  have  operational  advantages.  Aircrews  could  take  off  sooner  and  ’prebreathe'  enroute. 

It  was  found  that  for  exposures  between  35.000  and  40,000  feet,  prebreathing  at  altitudes  up  to 
20,000  feet  decreased  the  DCS  incidence  rate  significantly  from  exposures  with  no  prebreathing 
(13,  15,  18,  26).  The  effectiveness  was  found  to  be  equal  to  or  slightly  less  than  with  prebreathing 
at  ground  level.  Prebreathing  above  20,000  feel  was  much  less  ef^tive,  if  at  all. 

A  recently  completed  study  at  the  Armstrong  Laboratory  has  confirmed  this  concept  of 
'inflight'  denitrogenation  (35).  This  study  followed  flight  profiles  similar  to  those  used  in  USAF  high 
altitude  reconnaissance  operations.  Each  subject  had  a  one-hour  or  two-hour  prebreathe  period  at 
varying  altitudes  ranging  from  ground  level  to  16,000  feet,  followed  by  a  4  hour  exposure  to  29,500 
feet.  It  showed  that  there  was  no  significant  difference  in  either  bubble  or  bends  incideiKe  between 
ground  level  prebreathing  and  prebreathing  at  8.000,  12,000,  or  16,000  feet  of  altitude.  In  fact, 
there  appears  to  be  a  trend  toward  a  reduction  in  DCS  when  prebreathing  is  done  at  16,000  feet.  The 
study  also  confirmed  the  value  of  longer  prebreathe  times  at  ground  levw.  For  example,  the  mean 
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DCS  incidence  with  one  hour  of  prebreathe  was  75%,  while  with  two  hours  it  was  44%,  The  mean 
DCS  latency  was  130  min  and  184  min  respectively.  These  data  indicate  that  operational  situations 
which  require  high  cabin  altitudes  and  unexpected  takeoffs,  and  that  have  100%  oxygen  capability, 
will  have  similar  or  improved  DCS  risk  by  aenilrogenaling  enroute  as  long  as  the  cabin  altitude  is 
maintained  below  16,000  feet. 


2.4  Example  Scenario 

The  application  of  this  information  can  be  illustrated  by  an  example  scenario  of  a  hypothetical 
future  fighter  aircraft  not  using  inflight  denitrogenation  equipment.  Assumptions  include  the  use  of 
a  current  USAF  oxygen  system  and  regulator  and  the  standard  5  psi  differential  cockpit 

pressurization  schedule.  There  is  no  ground  level  prebreathing  capability  due  to  response  time 

During  most  of  the  climb  to  altitude  the  pilot  is  breathing  50%  Oj.  When  the  aircraft  levels  off  at 
60,000  feet,  the  cabin  is  at  approximately  24,000  feet  and  the  breathing  gas  is  now  80%  O2  This 
altitude  is  maintained  for  1  hour  Bubbles  are  now  growing,  but  are  "small"  The  closest 
corresponding  exposure  in  the  Armstrong  Laboratory  DCS  database  is  a  25,000  feet  exposure  with  1 
hour  prebreathing.  Table  1  shows  a  DCs  incidence  of  79%  (8  hour  exposure)  with  a  mean  onset  time 
of  144  minutes.  The  detectable  bubble  incidence  is  89%  with  a  mean  onset  time  of  90  minutes 
Because  there  is  no  prebreathing  and  the  breathing  gas  is  less  than  100%  02  during  flight,  these 

incidences  and  onset  times  will  be  substantially  worse  If  this  exposure  was  one  hour  or  less  and 

the  aircraft  returned  to  ground  level  or  lower  altitudes  without  any  complications,  the  pilot  would 
have  a  minimal  DCS  risk.  However,  suppose  there  is  an  RD  to  60,000  feet.  Because  the  stay  at 
24,000  feet  has  precipitated  the  growth  of  "small"  bubbles,  Boyle’s  Law  and  the  rapid  growth  phase 
take  effect  and  the  result  is  "lots  of  big  bubbles."  The  time  of  exposure  at  60,000  feet  becomes 
extremely  critical.  Assuming  consciousness  is  maintained  with  positive  pressure  breathing,  and  the 
pilot  responds  rapidly  with  a  return  to  lower  altitude  and  then  lands,  DCS  risk  is  probably  minimal 
But,  if  the  pilot  must  stay  at  a  relatively  high  altitude,  such  as  40,000  feet,  for  a  period  of  time 
before  descending,  whatever  "grace"  period  might  have  existed  for  onset  of  DCS  at  60,000  feet  is 
now  gone.  The  quantity  and  size  of  bubbles  have  grown  rapidly,  and  the  potential  for  severe  and 
debilifating  DCS  is  very  high.  The  risk  may  be  so  high  that  this  pilot  may  not  survive 

Severe  DCS  risk  could  be  greatly  reduced  by  breathing  100%  Os  from  takeoff  to  landing.  If  the 
pilot  can  maintain  a  cabin  altitude  of  16,000  feet  (approximately  33.000  feet  aircraft  altitude)  or 
less  for  the  first  hour  of  his  mission,  DCS  risk  is  greatly  reduced.  The  potential  problem  of  O2  and 
acceleration  atelectasis  that  originally  led  to  the  use  of  low  O2  levels  in  breathing  systems  at  lower 
altitudes  may  be  tolerable  for  this  situation.  Since  this  pilot  will  have  positive  pressure  breathing, 
it  is  likely  that  the  acceleration  atelectasis  problems  will  be  greatly  reduced,  and  the  impact  of 
breathing  100%  O2  will  be  minimal.  Thus,  inflight  denitrogenation  with  100%  must  be  considered 
as  an  option  for  reducing  DCS  risk  for  future  nigh  altitude  fighter  aircraft 


3.  Ebullism 

If  the  aircraft  in  the  above  scenario  was  flying  at  altitudes  higher  than  63,000  feel  and  had  an 
RD,  an  additional  physiological  hazard  known  as  ebullism  would  occur  in  the  unprotected  or  partially 
protected  individual.  Ebullism  is  the  spontaneous  boiling  and  degassing  of  body  fluids  and  tissues  as 
weli  as  evaporative  cooling  and  loss  of  body  water,  heat,  and  other  materials  (4).  Conditions 
necessary  for  ebullism  are  present  when  the  body  is  exposed  to  pressures  below  about  47  mmHg 
(63,000  feet  or  0.91  psi)  for  a  human  with  a  core  temperature  of  37  “C.  This  altitude  is  referred  to 
as  the  Armstrong  Line  (49)  However,  due  to  variations  of  pressures  and  temperatures  in  the  body,  it 
IS  perhaps  better  to  think  of  this  limit  as  a  band  of  altitude  rather  than  a  line.  Ebullism  in  exposed 
human  tissue  may  begin  as  low  as  55.000  feel  (39).  Table  2  relates  vapor  pressure  with  altitude  and 
temperature 


TEMPERATURE  VAPiTR  PRESSURE  EQUIVALENT  ALTITUDE 
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20 
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10 

50 

92 
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Table  2.  Altitudes  at  which  the  ambient  pressure  is  equivalent  to  the  vapor 
pressure  of  water  for  different  temperatures  (39) 


3.1  Physiological  Consequences  of  Ebullism 

VVhen  the  vapor  pressure  of  a  tissue  is  reached,  liquid  changes  to  its  gaseous  state  and  gas 
cavities  are  formed  in  the  tissue.  Due  to  slight  pressure  and  temperature  differences  among 
various  tissues,  the  extent  of  these  gas  pockets  will  vary.  Likewise,  when  recompression  occurs, 
the  gas  pockets  will  spontaneously  collapse  into  the  fluid  phase. 


The  pathMhysiology  oi  ebullism  in  animals  was  extensively  studied  in  the  1950's  and  1960's 
(5.  7.  11,  1 7.  23,  38).  The  animals  in  these  studies  were  exposed  to  altitudes  above  70,000  feet 
without  protective  equipment.  Table  3  lists  many  of  the  effects  of  such  exposures,  some  of 
which  will  be  prevented  by  the  addition  of  positive  pressure  breathing. 


Severe  tissue  hypoxia  immediately  on  decompression 

Body  volume  doubles  in  5-10  secs 

Vomiting/defecation/urination  in  5-10  secs 

Unconsciousness/collapse  in  9-12  seconds 

Loss  of  voluntary  control  in  10  secs 

Freezing  of  secretions  (e  g.  urine,  salvia)  by  evaporation 

Body  temperature  lowered  by  evaporation 

Rapid  increase  in  venous  pressure 

Circulatory  arrest  in  seconds 

Tonic  and  clonic  seizures  in  10-30  seconds 

Apnea  and  spastic  rigidity  within  30  seconds 

Total  flaccid  paralysis  around  30  seconds 


Table  3.  Some  observed  effects  of  ebullism  in  animals 


In  the  cardiovascular  system,  the  sequence  of  events  is  as  follows.  Ebullism  bubbles  form  first  in 
the  low  pressure  areas  or  the  vascular  tree  when  ambient  pressure  decreases.  Bubble  formation 
increases  the  pressure  in  the  venous  and  pulmonary  system,  reverses  the  normal  cardiovascular 
pressure  gradient  and  circulation  ceases  122,  50).  These  changes  normally  resolve  upon  recompression 
Water  vapor  bubbles  move  back  into  solution,  pressures  fall,  and  circulatory  integrity  is 
re-established  to  some  degree  as  long  as  asystole  has  not  occurred.  However,  microvasculature 
damage  does  not  resolve  and  thus  hinders  recovery  of  peripheral  and  cerebral  tissues.  Still,  survival  is 
possible.  Animals  survive  after  exposure  to  hard  vacuum  from  90  to  210  seconds  (5,  17.  23,  38).  The 
significant  factors  influencing  immediate  survival  are  re-establishment  of  circulatory  integrity  and 
the  degree  of  pulmonary  and  cerebral  damage. 

The  degree  of  damage  to  the  lungs  is  critical  to  survival.  Autopsies  of  animals  exposed  to  vacuum 
universally  show  massive  pulmonary  damage  which  can  range  from  pelechiae  to  severe  atelectasis  to 
frank  hemorrhage  (11).  Unless  pulmonary  exchange  can  be  re  established,  survival  is  not  possible.  If 
pulmonary  exchange  is  possible,  cerebral  resuscitation  may  be  successful  depending  on  the  exposure 
time. 

Of  specific  concern  are  the  eyes  (39).  Unprotected  exposure  of  the  head  may  result  in  drying  and 
freezing  of  corneal  surfaces  and  lacrimal  fluid.  Cooke  (9)  noted  ocular  cloudiness  in  dogs  after 
recompression  from  low  pressure  environments.  He  believed  this  was  due  to  water  being  forced  into 
the  inner  corneal  surface  after  extreme  evaporation  of  the  outer  corneal  surface  He  also  noted  retinal 
blanching  and  venous  congestion  that  appeared  to  be  more  marked  with  air  breathing  These  changes 
resolved  within  7  to  10  minutes,  with  a  questionable  visual  field  deficit  noted  afterwards.  Whether 
these  changes  are  of  long  term  significance  is  not  known.  While  boiling  of  the  intraocular  fluid  is 
unlikely  until  higher  elevations  and  longer  exposures  are  encountered,  surface  eye  freezing  may  impair 
vision.  However,  during  short  exposures  to  extreme  altitudes,  major  tissue  damage  is  unlikely  Little 
is  known  about  this  aspect  of  ebullism,  and  research  is  indicated 

Finally,  decompression  sickness  (DCS)  must  be  added  to  those  concerns.  DCS  and  ebullism  may  be 
additive.  Nitrogen  bubbles  almost  certainly  exist  in  the  tissues  as  ascent  passes  the  Armstrong  Line 
and  may  be  predisposing  to  ebullism.  Studies  by  Bancroft  showed  a  better  survival  with  a 
denitrogenatlon  period  prior  to  exposure,  indicating  that  DCS  may  play  an  important  role  in  survival  of 
ebullism  (3,  5). 


3.2  Human  Exposures 

Humans  have  been  exposed  accidentally  to  hard  vacuum  There  is  one  published  case  report  in  the 
literature  of  a  prolonged  unprotected  exposure  (24).  In  addition,  several  anecdotal  reports  of  human 
exposures  to  vacuum  exist.  In  these  cases,  people  survived  with  limited  or,  in  one  case,  no  protection 
During  such  unprotected  exposures,  the  subjects  lost  consciousness  rapidly  and  had  varying  degrees  of 
injury,  ranging  from  no  significant  symptoms  to  massive  cerebral  and  pulmonary  injury  requiring 
intensive  medical  intervention.  In  the  cases  of  partial  protection  (19),  subjects  described  swelling 
and  pain  in  exposed  limbs.  Whether  these  changes  were  severe  enough  to  prevent  a  pilot  from 
manipulating  flight  controls,  or  controlling  the  aircraft,  is  unknown.  In  one  videotaped  case  (25).  a 
subject  was  testing  a  space  suit,  lost  suit  pressure,  and  was  instantaneously  expos^  to  an  altitude  of 
120,(X}0  feet  .  He  remembers  the  saliva  boiling  on  his  tongue  prior  to  passing  out.  and  then  recalls  the 
chamber  monitor  calling  14,0(X}  feet  as  the  chamber  was  being  recompressed.  He  suffered  no 
complications  from  this  incident  and  was  not  hospitalized  afterwards  .  The  one  published  case  history 
involved  an  individual  who  was  exposed  to  approximately  74,000  for  3  to  5  minutes  in  an  industrial 
accident  (24).  He  was  aggressively  treated  with  hyperbaric  oxygen  and  full  ICU  support.  Neurological 


tests  one  year  after  the  Incident  were  above  baseline  levels.  The  authors  did  report  the  need  to 
intubate  the  patient  to  avoid  respiratory  compromise  due  to  frank  pulmonary  bleeding 

Vapothorax  adds  another  complication  to  this  multifaceted  picture.  Vapothorax  occurs  when  the 
terminal  pressures  in  the  respiratory  tree  are  lower  than  the  vapor  pressure  of  the  body.  A  positive 
intrapleural  pressure  results  with  subsequent  collapse  of  the  lungs  (7,  22).  Increases  in  intrapleural 
pressures  cause  pleural  tears  and  may  lead  to  CAGE  by  allowing  large  amounts  of  air  to  enter  directly 
into  the  pulmonary  tree.  Upon  recompression  the  lungs  again  expand,  but  the  pulmonary  damage 
interferes  with  oxygen  exchange  and  may  lead  to  hypoxia 

Cerebral  anoxia/hypoxia  results  from  a  combination  of  the  above  Since  cerebral  tissues  tolerate 
low  O2  tensions  poorly,  cerebral  oxygen  supplies  must  be  re-established  to  avoid  long  term  neurologic 
sequelae.  In  addition,  cerebral  tissue  itself  can  undergo  mechanical  disruption  by  bubble  formation 
Despite  these  potential  problems,  most  animal  research  reports  show  good  recovery  of  neurologic 
function  after  as  much  as  2  5-3.5  minutes  of  exposure  (23.  38)  The  industrial  accident  patient  nad 
decerebrate  posturing  and  coma  after  his  exposure;  however,  all  neurologic  measurements  were 
returned  to  baseline  levels  within  one  year. 


3,3  Protective  Measures 

Human  exposure  to  very  low  pressure  can  occur  in  one  of  three  environments  1)  space.  2)  high 
altitude  aviation,  and  3)  altitude  chamber  operations  Any  manned  op>erations  above  63.000  feet 
carries  an  inherent  risk  of  ebullism.  Obviously,  this  life-threatening  hazard  exists  in  all  space 
operations  In  particular.  EVA  operations  provide  the  greatest  potential  for  this  hazard.  It  has  been 
estimated  that  the  assembly  of  Space  Station  Freedom  will  require  approximately  1600  crew  member 
hours  of  EVA  time  (21 ).  That  number  will  probably  decrease  with  the  resizing  of  the  Station,  but  it 
will  still  be  high  compared  to  past  experience.  In  addition,  the  annual  maintenance  of  the  Station  will 
require  many  additional  exposures  Furthermore,  with  every  year  there  are  more  and  more  man-made 
objects  in  orbit,  increasing  the  risk  of  collision.  In  addition  to  collision  with  micro  meteoroids  and 
space  debris,  accidental  suit  punctures  and  tears  may  occur  during  the  assembly  and  maintenance  of 
the  Station.  For  space  activity  beyond  Station  new  protective  measures  and  medical  treatment 
protocols  for  ebullism  wilt  be  even  more  important  since  emergency  return  to  earth  will  not  be 
possible 

Future  fighter  aircraft  will  routinely  fly  at  or  above  63,000  feet  At  present,  crew  protection 
against  ebullism  consists  of  cabin  pressurization  and  full  coverage  pressure  suits.  For  example,  in  the 
U-2/TR-1  reconnaissance  aircraft,  a  full  pressure  suit  is  normally  worn  deflated.  If  there  is  an 
accidental  loss  of  pressure,  the  suit  automatically  inflates  Fulf  coverage  suits,  however,  severely 
limit  mobility.  In  an  effort  to  protect  the  pilot  from  both  high  altitude  exposure  and  high  acceleration, 
yet  retain  mobility,  integrated  partial  pressure/G-suits  are  now  being  tested  The  disadvantage  of 
these  suits  is  that  no  protection  is  provided  to  the  head  or  upper  extremities,  resulting  in  the  potential 
for  severe  injury  in  the  event  of  rapid  decompression 

Recent  efforts  to  develop  a  limited  coverage  partial  pressure  assembly  for  high  altitude  protection 
have  centered  around  the  use  of  a  high  pressure  oronasal  mask,  torso  vest,  and  anti-G  suit  arrangement 
similar  to  that  evolved  by  the  RAF  in  tne  early  1950's  Several  such  systems  have  been  developed  and 
are  now  being  considered  for  short  term  protection  at  altitudes  of  70.000  feet  and  above  A  few 
laboratory  studies  have  been  conducted  using  limited  coverage  garments  at  altitudes  between  65,000 
feet  and  80.000  feet  Notably,  in  the  late  t^O's,  the  Canadians  successfully  conducted  studies  to 
80,000  feet  in  their  laboratories  using  a  limited  coverage  partial  pressure  system  (20)  Since  most 
human  exposures  to  altitudes  above  63,000  feet  have  entailed  the  use  of  pressure  suits  with  nearly 
full  coverage  of  the  head  and  extremities,  much  of  our  current  understanding  of  ebullism  involves 
speculation  based  on  findings  from  earlier  animal  studies  and  the  few  human  studies  with  eyes  and/or 
extremities  unpressurized  or  unprotected. 

Although  these  systems  have  been  designed  to  provide  short  term  protection  against  several 
physiological  hazards  following  decompression  to  high  altitude,  hypoxia  is  generally  considered  the 
most  immediate  concern  due  to  the  reduction  in  the  partial  pressure  of  oxygen  in  the  gas  delivered  to 
the  lung  Vaporization  of  tissue  fluids  in  the  exposed  areas  of  the  body  at  the  more  extreme  altitudes 
has  had  little  attention 

It  was  noted  above  that  as  ebullism  progresses,  body  size  can  double,  depending  on  the 
species  Webb  and  Annis  (1 ,45)  tested  the  concept  01  containing  the  body  with  elastic  garments 
combined  with  positive  pressure  breathing  and  thoracic  bladder  counterpressure.  Although 
several  problems  were  evident,  they  were  able  to  successfully  demonstrate  the  concept  in  man  to 
altitudes  of  80,000  feet  Research  on  this  approach  to  protect  against  ebullism  has  not  been 
pursued  since  the  late  1960's 


3  5  Medical  Treatment  of  Ebullism 

There  is  no  medical  treatment  protocol  tor  ebullism,  probably  because  it  is  generally  accepted 
that  exposure  to  a  vacuum  is  not  survivable.  That  opinion  is  based,  at  least  in  part,  on  the 
results  of  the  1960’s  animal  research  In  addition,  operational  constraints  dictated  a  fatalistic 
view.  Survival  was  simply  not  considered  possible  That  view  changed  in  1982  when  the 
industrial  accident  case  history  (24)  was  published  describing  the  successful  use  of  hyperbaric 
oxygen  therapy  The  ultimate  objective  of  any  medical  treatment  for  ebullism  is  rapidly  to 
reverse  CNS  anoxia  requiring  the  following:  1)  establishment  of  effective  gas  exchange  in  the 
lung,  2)  restoration  of  circulation  and  reoxygenation  of  tissues,  3)  resolution  of  gas  bubbles,  and 
4)  reversal  of  cerebral  edema  (4t) 


i-y 


The  immediate  objective  is  to  re-establish  pulmonary  exchange  No  research  data  are 
available.  However,  the  use  of  PEEP  and  High  Frequency  Ventilation  have  been  suggested  tor 
combating  the  massive  atelectasis  Unless  the  lung  is  viable,  death  will  result  from  cerebral 
anoxia.  The  other  3  objectives  would  appear  to  be  best  met  by  the  use  of  hyperbaric  oxygen 
therapy  (HBO).  The  rationale  for  use  of  HBO  for  decompression  accidents  includes  1)  bubble  size 
reduction,  2)  hyperbaric  oxygenation  of  hypoxic  tissues.  3)  bubble  resolution,  and  4)  reduction  of 
neurological  edema  (34) 

Exposure  to  near  vacuum  can  lead  to  the  development  of  at  least  three  other  conditions  known 
to  respond  to  HBO  therapy:  DCS.  hypoxia,  and  CAGE.  HBO  increases  oxygen  tensions  in  the  body 
and  may  help  in  the  post-anoxic  conditions,  especially  if  the  vascular  tree  has  been  disrupted. 
While  bubbles  occurring  from  exposure  to  low  ambient  pressures  will  resolve  when  pressures  are 
returned  to  normal,  the  secondary  effects  do  not  resolve  immediately.  Logically.  HBO  should  be 
included  in  any  ebullism  treatment  protocol  The  efficacy  of  HBO  on  animals  exposed  to  ebullism 
is  currently  being  investigated  at  the  Armstrong  Laboratory 


4.  Conclusions 

As  altitude  increases  the  incidence  of  DCS  increases  Cabin  altitudes  in  future  high  altitude 
aircraft  may  reach  levels  known  to  have  significant  DCS  risk  If  an  RD  occurs.  DCS  risk  may 
become  critical.  The  rate  of  bubble  growth  and  the  resulting  bubble  size  determine  the  latency 
and  development  of  DCS  symptoms.  When  plots  of  DCS  from  below  40.000  *eet  are  extended  to 
higher  altitudes.  DCS  onset  time  appears  to  go  to  zero  and  risk  of  DCS  rapidly  increases  between 
40,000  and  50.000  feet.  Recent  data  indicate  that  there  is  no  significant  difference  in  either 
bubble  or  bends  incidence  between  ground  level  prebreathing  and  prebreathing  at  altitudes  up  to 
16,000  feet.  The  occurrence  of  DCS  symptoms  actually  decreased  with  increasing  prebreathe 
altitude.  The  study  also  confirmed  the  value  of  longer  prebreathe  times  at  ground  level.  The  risk 
of  DCS  would  be  greatly  reduced  if  future  high  altitude  aircraft  utilized  a  100%  oxygen  system 
for  aircrews  from  takeoff  to  landing. 

Human  exposure  to  very  low  pressure  environments  can  occur  in  space,  high  altitude  aviation,  and 
hypobaric  chamber  operations.  Exposure  of  unprotected  or  partially  protected  humans  to  altitudes 
above  63.000  feet  results  in  tissue  fluid  vaporization,  increase  in  body  size,  rapid  loss  of 
consciousness,  cardiac  "vapor  lock",  and,  if  not  recompressed,  death.  This  condition  is  called  ebullism. 
Special  emphasis  should  be  placed  on  effects  of  ebullism  on  the  eye  and  the  potential  for  increased 
risk  of  decompression  sickness 

Two  documented  cases  of  humans  accidentally  exposed  to  near  vacuum  indicate  that  survival  is 
possible.  One  was  aggressively  treated  with  hyperbaric  oxygen  and  made  a  complete  recovery.  The 
second  patient  had  minimal  iniuries  from  the  exposure  and  did  not  require  treatment.  The  objective  of 
any  medical  treatment  for  ebullism  is  rapidly  to  reverse  CNS  anoxia.  Survival  can  undoubtedly  be 
improved  with  a  better  understanding  of  the  pathophysiology  of  ebullism.  improved  protective 
measures,  and  the  development  of  specific  medical  protocols 
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Summary 

Previous  work  has  indicated  that  rabbits  that 
are  more  susceptible  to  decompression  sickness 
(DCS)  are  also  more  sensitive  to  complement 
activation  by  air  bubbles,  and  further  that 
rabbits  can  be  protected  from  DCS  if  they  are 
pharmacologically  decomplemented  before 
they  are  subjected  to  the  pressure  profile.  We 
have  investigated  a  possible  means  by  which 
decomplementing  a  rabbit  could  protect  it 
from  DCS.  Since  DCS  is  thought  to  be 
produced  by  bubbles  that  are  formed  in  the 
tissues  of  an  animal  because  of  its  tissues 
becoming  oversaturated  with  dissolved  gas  as 
the  animal  undergoes  a  pressure  profile,  we 
have  investigated  the  possibility  that 
decomplementing  an  animal  protects  it  from 
DCS  by  making  it  more  difficult  to  form 
bubbles  in  one  of  the  tissues  of  primary 
concern,  blood  plasma.  This  investigation  was 
performed  with  three  test  liquids:  1 )  water,  2) 
native  rabbit  plasma,  and  3)  decomplemented 
rabbit  plasma.  We  find  that  the  threshold  for 
bubble  nucleation  in  water  is  greater  than  that 
in  either  plasma  or  decomplemented  plasma, 
but  we  do  not  find  any  difference  between  the 
nucleation  threshold  of  the  two  types  of 
plasma.  Thus  the  indications  are  that  the 
protection  from  DCS  that  results  from 
decomplementing  a  rabbit  does  not  appear  to 
develop  becau.se  of  a  change  in  the  nucleation 
threshold  of  the  decomplemented  plasma. 


1.  Introduction 

Previous  work  (I)  has  indicated  that  rabbits 
that  have  native  complement  systems  that  are 
insensitive  to  activation  are  less  susceptible  to 
decompression  sickness.  The  method  that  was 
used  to  establish  this  observation  was  to  collect 
a  blood  sample  from  each  of  12  rabbits,  then 
separate  the  plasma  from  each  blood  sample 
and  store  the  plasma  sample  for  later 
determination  of  the  sensitivity  of  the  rabbit  to 


complement  activation  at  the  time  the  blood 
sample  was  taken.  After  the  blood  sample  had 
been  collected,  each  rabbit  was  placed  in  a  an 
apparatus  that  served  as  both  a  pressure 
chamber  and  a  treadmill.  This  allowed  the 
rabbit  to  be  subjected  to  a  pressure  profile  that 
was  severe  enough  to  produce  DCS  in  some 
rabbits.  After  completing  the  pressure  profile, 
the  rabbit  was  returned  to  its  cage  and  allowed 
to  rest  for  at  least  three  days  before  another 
blood  sample  was  taken  to  determine  its 
sensitivity  to  complement  activation  at  that 
time.  The  results  showed  that  those  rabbits 
that  were  susceptible  to  DCS  were  also  more 
sensitive  to  complement  activation. 

It  was  also  found  that  a  rabbit  that  was 
susceptible  to  DCS  could  be  made  immune  to 
DCS  on  the  same  pressure  profile  by 
pharmacologically  decomplementing  it  11).  To 
see  that  dccomplementing  a  rabbit  in-vivo 
changed  its  susceptibility  to  DCS,  a  second 
group  of  rabbits  was  examined.  First,  each 
rabbit  of  this  group  was  subjected  to  two 
consecutive  pressure  profiles  that  were  at  least 
five  days  apart.  The  rabbits  that  were  found  to 
be  susceptible  to  DCS  on  both  of  these  pressure 
profiles  were  taken  to  be  susceptible  to  DCS. 
After  at  least  seven  day  of  recovery  from  these 
last  of  these  pressure  profiles,  each  were  given 
an  injection  on  the  next  three  days  of  an  agent 
that  is  known  to  reduce  strongly  the 
complement  components  CSa  and  C3a  in-vivo. 
Before  each  injection  of  the  decomplementing 
agent,  blood  samples  were  taken  from  each 
rabbit,  the  plasma  separated  and  stored  for 
later  examination.  Approximately  24  hours 
after  the  last  injection,  a  blood  sample  was 
taken  and  each  rabbit  was  subjected  to  the  same 
pressure  profile  for  the  third  time.  None  of 
the  decomplemented  rabbits  showed  any 
symptoms  of  DCS  on  this  occasion. 

The  rabbits  were  then  allowed  to  recover  for 
three  days.  This  period  is  sufficient  for  the 


complement  system  of  the  rabbits  to  return  to 
its  normal  sensitivity.  A  sample  of  plasma  was 
then  collected  from  each  rabbit  and  the  rabbit 
was  subjected  to  the  pressure  profile  for  a 
fourth  time.  On  this  occasion,  each  rabbit 
again  showed  symptoms  of  DCS! 

After  again  allowing  the  rabbit  to  recover  for 
more  than  three  days,  a  blood  sample  was 
taken,  plasma  was  collected  and  an  aggregation 
test  was  used  to  examine  the  complement 
activation  sensitivity.  The  measured 
complement  activation  sensitivities  obtained 
from  the  plasma  samples  when  the  rabbits 
experienced  DCS  were  about  twice  that 
obtained  from  the  plasma  samples  when  the 
rabbits  were  decomplemented  and  did  not 
show  any  symptoms  of  DCS. 

The  results  clearly  indicate  that 
decomplementing  the  rabbits  protects  them 
from  decompression  sickness  on  certain 
pressure  profiles.  Our  objective  in  this  study 
was  to  investigate  possible  explanations  for 
these  observations.  One  possibility  is  that  the 
decomplementing  process  changes  one  or  more 
physical  properties  of  a  rabbit's  plasma,  such 
as  its  gas  solubility  and/or  its  surface  tension, 
and  as  a  result,  it  is  more  difficult  to  form 
bubbles  within  the  circulatory  system  of  the 
rabbit  and  thereby  the  rabbit  becomes  less 
susceptible  to  DCS.  A  second  possibility  is  that 
the  cause  of  DCS  is  the  complement  fragments 
that  are  produced  when  the  complement  system 
is  activated  by  the  air  bubbles.  "These 
fragments  are  known  to  initiate  a  number  of 
other  effects  on  cell  membranes  and  to 
produce  cellular  aggregation  [2,  3).  If  these 
complement  fragments  are  the  source  of  DCS, 
then  decomplementing  a  rabbit  before  it  is 
subjected  to  a  pressure  profile  would  prevent 
DCS.  As  a  hypothesis,  we  suppose  that  the 
first  of  these  alternatives  is  valid,  and  we  test 
this  hypothesis  by  comparing  the  nucleation 
characteristics  of  native  plasma  with  that  of 
decomplemented  plasma. 


2.  EXPERIMENTAL  PROCEDURES 

2.1  Experimental  Animals 

The  animals  used  in  this  study  were  New 
Zealand  white  rabbits  that  weighed  2  to  2.5  kg. 
Each  was  held  in  the  animal  care  facility  for 
approximately  one  week  before  they  entered 
the  study.  During  this  period  they  were 
dewormed,  vaccinated  against  and  maintained 
on  medicated  food  (50  mg/kg  Robendine 


Hydrochloride  and  22  mis  Amprol  per  10 
litres  water). 

2.J.1  Control  Rabbits 

After  each  of  the  six  rabbits  in  this  group  had 
been  maintained  in  the  animal  care  facility  for 
a  period  of  one  week,  they  were  ready  to  enter 
the  study.  A  blood  sample  was  then  collected 
from  each  of  these  rabbits.  Thus  when  their 
blood  sample  was  collected,  their  complement 
system  was  fully  intact. 

2.1.2  Decomplemented  Rabbits 
Each  of  the  four  rabbits  in  this  group  entered 
the  study  after  they  had  been  in  the  animal  care 
facility  for  at  least  one  week.  On  each  of  three 
successive  days  each  rabbit  received  an 
injection  of  1 .5  mis  cobra  venom  factor  Naja  n 
naja  (CVFn,  Dimension  Labs.  Toronto).  On 
the  following  day,  blood  was  collected  in 
preparation  for  measuring  the  nucleation 
threshold. 

2.1.3.  Plasma  Collection 
Blood  samples  were  collected  from  each  of  the 
rabbits  so  that  their  plasma  could  be  later 
tested  using  the  PMN  leukocyte  aggregation 
test.  The  blood  samples  were  collected  from 
each  rabbit  by  placing  it  in  a  restraining  cage 
so  as  to  minimize  the  trauma.  The  rabbit’s 
margin  ear  artery  was  cleaned  with  alcohol,  a 
21  gauge  butterfly  needle  was  then  carefully 
placed  within  the  artery,  a  syringe  containing 
Heparin  was  then  attached  to  the  needle  and 
blood  was  slowly  and  carefully  withdrawn 
(10  lU  Heparin/m/  blood).  Once  the  blood  had 
been  collected  the  syringe  was  capped  and 
placed  in  an  ice  bath  until  it  was  ready  to  be 
centrifuged,  while  making  sure  that  no  air 
bubbles  were  introduced  during  the  handling 
process. 

The  blood  was  centrifuged  for  10  minutes  at 
1033  g.  Afterwards  it  was  transferred  from 
the  syringe  into  a  10  ml  polypropylene  tube 
and  capped.  The  clear  plasma  was  then 
carefully  removed  using  a  polypropylene 
Pasteur  pipette,  placed  in  another  10  ml 
polypropylene  tube,  capped  and  stored  in  a 
-80°C  freezer  for  later  examination. 


2.2  Water  Preparation 
The  water  was  prepared  by  deionizing  and 
filtering  distilled  water  using  a  (Gelman 
Sciences  WATER-I  )  water  purifier  to 


produce  a  resistivity  at  least  18  Megohm.  The 
surface  tension  of  this  water  was  measured  to 
be  71.22  +  0.18  nUlm  at  24.1  +  0.1  °C. 


Thermocouples 


2.3  Nucication  Threshold  in  Plasma, 
Decomplemented  Plasma  and 
Water 

The  nucleation  characteristics  of  the  plasma, 
decomplemented  plasma  and  water  were 
determined  by  measuring  the  nucleation 
temperature  at  different  levels  of  gas 
supersaturation.  A  schematic  of  the 
experimental  apparatus  is  shown  in  Fig.  1 . 
Each  liquid  sample  (control  plasma, 
decomplemented  plasma  or  water)  was 
saturated  with  nitrogen  at  a  particular 
pressure,  ±  0.7  kPa  sensitivity,  and  at  constant 
temperature,  +  A.l^C  sensitivity,  in  a 
saturation  chamber.  The  liquid  sample  was 
saturated  by  stirring  with  a  teflon  coated 
magnetic  stirring  bar  until  the  system  reached 
steady  state.  After  a  liquid  sample  had  been 
saturated,  the  stirring  was  halted  and  a  liquid 
droplet  was  injected  at  the  lower  end  of  the 
column  of  host  liquid.  The  droplets  of  the  test 
liquids  were  created  using  a  glass  capillary 
connected  to  a  fine  metering  valve  and  were  of 
approximately  1  mm  diameter.  The  host  liquid 
was  Benzyl  Benzoate  which  is  denser  than  any 
of  the  test  liquids  and  is  also  immiscible  with 
them.  Thus  once  a  droplet  had  been  injected, 
it  would  rise  in  the  column  of  host  liquid. 

The  container  for  the  host  liquid  was  double 
walled.  The  host  liquid  filled  both  of  these 
glass  cylinders  and  was  heated  with  a  teflon 
covered  nichrome  heating  wire  wrapped 
around  the  outside  of  the  inner  wall  at  the 
section  where  the  nucleation  occurred.  The 
temperature  of  the  host  liquid  was  adjusted  by 
means  of  the  nichrome  wire  connected  to  a 
Powerstat™.  As  the  droplet  rose  it  would 
experience  an  increasing  temperature.  The 
temperature  of  the  host  liquid  was  adjusted  so 
that  each  drop  would  obtain  a  sufficiently  large 
temperature  to  cause  a  bubble  to  nucleate 
within  the  rising  droplet.  The  position  at 
which  the  droplets  nucleated  was  noted  visually 
and  the  temperature  at  this  section  was 
measured  using  five  theri..oco'jp;cs.  Each 
thermocouple  had  a  sensitivity  of  ±  0.1  “C. 
After  locating  the  point  where  the  nucleation 
occurred,  the  nucleation  temperature  was 
measured  by  interpolation. 


Fig.  1 .  Schematic  of  the  apparatus  to  measure 
the  nucleation  temperature  of 
decomplemented  and  control  plasma 
and  water. 


3.  RESULTS  AND  CONCLUSION 
The  measured  temperature  at  which  nucleation 
occurred  in  water  and  in  native  and 
decomplemented  plasma  has  been  plotted 
against  the  nitrogen  gas  saturation  pressure. 
The  results  are  shown  in  Fig.  2.  At  a 
particular  saturation  pressure,  water  was 
observed  to  have  a  higher  nucleation 
temperature  than  that  of  native  or 
decomplemented  plasma.  Thus,  this 
experimental  technique  was  able  to  distinguish 
between  the  nucleation  threshold  of  water  and 
of  plasma. 

At  a  particular  saturation  pressure,  we  also 
observed  that  the  decomplemented  plasma 
nucleated  at  apparently  lower  temperatures 
than  that  of  the  samples  of  control  plasma. 
However  the  difference  was  not  significant. 
Thus  this  experimental  technique  is  not  able  to 
identify  any  significant  difference  between  the 
nucleation  threshold  of  native  and 
decomplemented  rabbi;  plasma. 
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decomplemented  plasma  and  water  at 
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SUMMWy 

Decompression  sickness  resulting  from  exposure  to  the  hypobaric  environment  was  reviewed  and 
discussed  at  a  three-day  workshop  hosted  by  the  US  Air  Force  Armstrong  Laboratory  in  October 
1990  This  milestone  meeting  updated  the  current  understanding  of  this  condition  Gaps  in  this 
understanding  were  identified  based  on  input  from  both  research  and  operational  participants.  The 
results  of  this  workshop  are  summari2ed  in  this  paper 


1  INTRODUCTION 

Decompression  sickness  (DCS)  is  the  clinical  condition  resulting  from  evolved  inert  gas  bubbles 
in  tissues  caused  by  a  reduction  of  environmental  pressure  Originally  described  in  1670  by  Robert 
Boyle,  this  disease  can  occur  under  both  hyper-  and  hypobaric  conditions  such  as  diving,  caisson 
work,  aviation  and  space  operations.  Altitude  DCS  has  been  studied  for  over  50  years.  During  the 
last  two  decades,  major  advances  in  understanding  decompression  sickness  have  been  made  The 
pathophysiology  of  DCS  is  still  elusive,  but  has  been  clarified.  Non-invasive  bubble  detection  has 
provided  a  semi-objective  means  of  studying  DCS  in  humans.  The  physics  and  physiology  of  gas 
bubble  formation  and  growth  have  been  extensively  studied.  There  is  now  more  concern  over  long¬ 
term  CNS  damage.  Modeling  of  DCS  prediction  and  prevention  has  been  extensively  expanded  with  the 
advancements  in  computing  capabilities 

An  accurate  accounting  of  operational  DCS  incidence  in  the  USAF  does  not  exist  The  total 
reported  number  of  DCS  cases  appears  to  be  approximately  100  to  120  cases  per  year  The  vast 
majority  of  these  cases  occur  with  altitude  chamber  training  flights.  However,  there  is  a  reluctance 
to  report  DCS  because  of  career  considerations.  Large  numbers  of  highly  trained  personnel  are 
routinely  exposed  to  altitudes  that,  in  controlled  chamber  studies,  produce  high  levels  of  bubbles  and 
bends  Yet  reports  of  DCS  from  the  field  are  minimal  to  non-existent.  Nevertheless,  it  is  recognized 
that  DCS  continues  to  be  an  operational  limitation  in  both  aviation  and  space  activities  It  is 
expected  that  the  crews  of  the  next  generation  of  military  aircraft  will  be  exposed  to  even  higher 
altitudes  than  those  of  today 

In  order  to  document  the  current  understanding  of  altitude  decompression  sickness  and  ascertain 
the  operational  significance  of  this  disease,  a  workshop  was  held  at  the  USAF  Armstrong  Laboratory 
(AL)  (formerly  USAF  School  of  Aerospace  Medicine  ).  Brooks  AFB,  Texas,  on  16  1o  18  October  1990 
The  meeting  was  sponsored  by:  (1)  USAF  AL.  (2)  NASA  Johnson  Space  Center,  and  (3)  AF  Office  of 
Scientific  Research  ,  and  was  attended  by  over  SO  participants  representing  the  Department  of 
Defense  (DOD),  NASA,  and  university  researchers.  The  objectives  of  the  workshop  included: 

1.  reviewing  the  current  understanding  of  the  pathophysiology  of  DCS. 

2.  evaluating  existing  and  proposed  options  tor  DCS  prediction. 

3  defining  the  problems  of  decompression  in  space. 

4.  documenting  the  current  incidence  of  DCS  in  aviation. 

5.  discussing  the  ’acceptable  risk’  of  altitude  DCS.  and 

6.  listing  areas  of  needed  DCS  research. 

The  proceedings  of  this  workshop  are  in  preparation  and  are  expected  to  be  available  in  1991  from 
the  Armstrong  Laboratory 


2  PATHOPHYSIOLOGY  OF  EK;S 


The  workshop  was  opened  with  a  historical  perspective  of  altitude  decompression  sickness  It 
was  emphasized  that  although  early  researchers  did  excellent  work  with  inadequate  equipment,  their 
results  should  not  be  ignored  There  are  specific  differences  between  hypobaric  and  hyperbaric  DCS. 
but  the  disease  Is  basically  the  same  in  both  environments  and  altitude  DCS  should  be  viewed  as  part 
of  an  overall  condition  resulting  from  changes  in  the  atmospheric  pressure  continuum.  DCS  involves 
many  pathophysiological  processes  occurring  both  in  parallel  and  in  series,  and  it  follows  dose- 
response  characteristics  rather  than  all-or-none  thresholds 

The  current  conceptions  on  bubble  physics  and  dynamics  were  reviewed  The  concept  of  bubble 
nuclei  IS  still  unclear,  but  was  defined  as  'a  collection  of  gas  molecules  that  remain  together  even 
without  supersaturation.'  Viscous  adhesion  in  the  normal  motion  of  joints  can  result  in  sufficient 
cavitation  to  cause  a  'vacuum  phenomena',  which,  in  turn,  may  contribute  to  DCS  bubble 
precipitation.  The  DCS  bubbles  should  be  viewed  as  dynamic,  rather  than  static  New  bubbles  are 
growing  while  old  bubbles  are  shrinking  A  video  tape  of  in  vivo  bubbles  in  human  subjects  at 
altitude  as  recorded  by  the  latest  Echo  Imaging  technique  was  shown  to  the  meeting  Clear  bubble 
imaging  m  the  right  heart  is  now  possible 

The  cardiopulmonary  effects  of  bubbles  are  currently  the  focus  of  research  because  of  the 
potentially  severe  consequences  of  such  emboli  Most  of  the  documented  altitude  DCS  deaths  are 
considered  the  result  of  severe  cardiopulmonary  bubbles  Pulmonary  vascular  resistance  and  right- 
sided  pressures  increase  with  an  increasing  load  of  gas  bubbles,  which  can  lead  to  circulatory 
collapse  and  death  and  can  also  theoretically  cause  right-to-left  shunting  of  bubbles  resulting  in 
cerebral  arterial  gas  embolism  However,  some  recent  human  altitude  DCS  research  in  the  US  Navy 
did  not  find  evidence  of  right-to-left  shunting  in  subjects  with  patent  foramen  ovale.  The  concern 
over  the  presence  of  patent  foramen  ovale  in  flyers  and  astronauts  may  have  been  exaggerated  More 
work  IS  needed 

The  t9  recorded  altitude  DCS  deaths  were  reviewed  Except  for  one.  all  of  these  deaths  occurred 
prior  to  the  initiation  of  routine  oxygen  prebreathing  and  hyperbaric  therapy  The  one  exception  is  a 
case  history  published  in  1988,  and  was  fatal  despite  hyperbaric  therapy 

Of  great  concern  in  the  diving  field  is  the  recent  accumulation  of  data  on  chronic  CNS  pathology 
linked  to  diving  Diffuse  spinal  cord  degeneration,  often  asymptomatic,  has  been  well  documented 
Damage  to  the  eyes  and  the  brain  has  also  been  documented.  Comparable  studies  in  the  altitude  field 
have  not  been  done.  The  treatment  of  altitude  DCS  with  standard  hyperbaric  oxygen  treatment 
tables  is  well  established  and  highly  successful.  The  origin  of  the  extensive  USAF  Hyperbaric 
Medicine  Program  was  historically  linked  to  the  need  for  altitude  DCS  therapy  capability  The  USAF 
has  treated  over  650  cases  of  altitude  DCS  with  hyperbaric  oxygen  since  1977 


3  PREDICTION  AND  PREVENTION  OF  ALTITUDE  DCS 

Decompression  modeling  was  reviewed.  The  overall  objective  of  decompression  tables  or 
computers  in  the  diving  field  is  to  prevent  or  reduce  DCS  injury.  Today,  the  majority  of  divers  wear 
decompression  computers  for  real-time  decompression  guidance.  Classic  Haldanian 
dlffuslon/perfusion  techniques  used  for  diving  tables  are  inadequate  for  altitude  decompression  risk 
assessment 

For  50  years,  guidelines  for  safe  altitude  exposures  have  been  developed  by  costly 
time-consuming  studies,  each  specific  to  a  unique  exposure  scenario.  The  application  of  such 
studies  to  new  ojoerational  requirements  is  very  difficult,  often  requiring  new  studies  or  'best  guess 
approximations'  Therefore,  the  development  of  an  altitude  decompression  computer  is  long  overdue 
and  is  currently  underway  in  the  USAF  The  primary  problem  facing  such  a  development  is  the  lack  of 
a  'standard'  altitude  decompression  algorithm.  The  model  being  developed  will  include  Haldanian 
theory,  bubble  dynamics,  and  the  application  of  maximum  likelihood  statistics.  This  model  will  then 
be  incorporated  into  appropriate  hardware  and  will  provide  both  real-time  and  predictive  DCS  risk 
assessment  capability.  Models  must  evolve  empirically.  Thus,  both  operational  and  research  DCS 
databases  are  required  for  this  development  It  was  repeatedly  pointed  out  that  the  operational  DCS 
incidence  numbers  may  be  grossly  inaccurate  due  to  aircrew  and  chamber  operator  reporting 
problems 


Denitrogenation  or  prebreathing  is  standard  practice  in  both  aviation  and  space  operations  for 
DCS  risk  reduction.  Prebreathing  has  been  most  effective  in  the  reduction  of  the  serious  DCS 
symptoms,  less  so  with  bends  pain.  Prebreathe  times  vary  among  operational  situations  and  need 
more  standardization.  Hard  data  on  the  effect  of  interrupted  prebreathe  and  on 
denitrogenation/renitrogenatior  processes  with  repetitive  prebreathe/altitude  exposure  cycles  are 
lacking.  Denitrogenation  is  enhanced  by  increased  temperature,  immersion,  negative  pressure 
breathing  and  supine  posture.  For  example,  immersion  in  370C  water  can  accelerate  denitrogenation 
by  almost  50%.  The  inverse  of  these  conditions  tends  to  slow  denitrogenation 


4  DECOMPRESSION  IN  SPACE 

The  second  day  of  the  Workshop  began  with  a  discussion  of  the  problems  of  decompression  in 
space.  The  history  and  current  practice  of  NASA's  extravehicular  activity  (EVA)  decompression 
procedures  were  reviewed.  The  current  Shuttle  procedure  uses  a  combination  of  oxygen  prebreathing 
and  10  2  PSIA  stage  decompression  based  on  an  'R-value'  (ratio  of  tissue  PN2  over  ambient  pressure 
)  of  1 .65  and  the  360  minute  half-time  tissue  compartment.  For  these  conditions,  ground-based  NASA 
and  USAF  research  predict  an  incidence  of  23%  mild  DCS  symptoms,  and  5-10%  DCS  symptoms  severe 
enough  to  result  in  a  mission  abort  However,  to  date  no  reported  DCS  has  occurred  in  the  Shuttle 
program 

This  apparent  discrepancy  may  have  two  possible  explanations  From  the  astronaut  perspective, 
admitting  to  DCS  symptoms  is  'not  exactly  a  career-enhancing  move'.  Second,  weightlessness  may 
improve  denitrogenation  and  reduce  DCS  Due  to  the  very  large  number  of  projected  EVA  missions 
required  to  construct  and  maintain  of  Space  Station  Freedom,  there  is  a  NASA  recommendation  to 
change  the  'R  value'  to  1.40  resulting  in  a  more  conservative  decompression  schedule  There  is  also 
support  in  the  European  Space  Agency  (ESA)  tor  the  1.40  value  The  ESA  has  proposed  a  7.3  psia  EVA 
suit. 

Because  of  the  potentially  severe  consequences  of  DCS  in  space,  hyperbaric  treatment  capability 
has  been  designed  into  the  Space  Station  The  design  calls  for  a  2  8  ATA  hyperbaric  chamber  This 
facility  would  not  be  limited  to  DCS:  it  could  also  be  used  to  treat  air  embolism  and  ebullism 


5.  THE  INCIDENCE  OF  ALTITUDE  DCS 

In  the  next  session,  a  series  of  papers  were  presented  documenting  the  DCS  incidence  and  DCS 
reporting  problems  in  the  operational  environment.  Reports  were  presented  on  USAF  operations 
including  high  altitude  reconnaissance,  high  altitude  parachuting,  flight  training  in  unpressurized 
aircraft,  altitude  chamber  training  operations,  and  Vietnam  War  high  altitude  operations  US  Army 
flight  and  chamber  operations.  US  Navy  flight  and  chamber  operations.  RAF  experience,  and  US 
civilian  experience  were  also  covered.  The  largest  number  of  reported  DCS  cases  occur  in  OOD 
altitude  chamber  training  (approximately  120/year).  The  incidence,  however,  is  small  (  1-3 
cases/1000  exposures).  In  contrast,  the  Europeans  reported  essentially  no  DCS  problems  in  their 
chamber  training 

In  USAF  aircraft  operations,  18  DCS  cases  were  officially  reported  in  1989,  more  than  double  the 
number  in  previous  years  Two  possible  explanations  were  postulated.  A  1969  change  in  USAF 
Regulations  permitting  a  waiver  process  for  Type  M  DCS  was  thought  to  have  encouraged  more 
reporting.  The  1988  published  account  of  an  altitude  DCS  fatality  may  also  have  contributed 
However,  it  was  emphasized  repeatedly  that  the  official  reports  represent  a  subset  of  the  unknown 
true  incidence  Despite  the  regulation  change,  there  is  a  strong  reluctance  on  the  part  of  both 
chamber  and  flight  personnel  in  the  USAF  to  report  DCS  There  are  multiple  reasons  for  this 
reluctance,  but  the  primary  cause  is  career  protection 

Perhaps  the  single  most  important  conclusion  of  the  workshop  was  that  aviators  must  be  allowed 
to  report  DCS  with  impunity  It  was  emphasized  that  DCS  should  be  viewed  as  an  occupational 
illness  in  the  same  way  we  view  other  physiological  responses  to  environmental  stress,  such  as 
hypoxia  Why  should  an  aviator  who  responds  to  decompression  in  the  expected  manner  be  penalized'^ 
If  the  treatment  is  successful,  why  ground  a  healthy  aviatorT 


6.  THE  CLINICAL  MANIFESTATIONS  OF  DCS 


The  results  of  a  recent  workshop  in  England  on  the  classification  of  DCS  manifestations  were 
reported  and  discussed.  The  current  Type  I/Type  II  classification  is  inconsistently  defined  and 
arbitrarily  applied  resulting  in  treatment  variations  and  making  multicenter  trials  and  database 
comparison  almost  impossible  The  workshop  recommended  a  new  classification  scheme  based  on 
specific  description  of  the  disease.  For  example,  a  case  might  be  described  as  'acute  relapsing 
neurological  decompression  illness.'  or  'acute  spontaneously  resolving  cutaneous  decompression 
illness.'  The  proceedings  of  the  workshop  will  be  available  in  1991  from  the  Undersea  and 
Hyperbaric  Medical  Society 

It  was  also  emphasized  that  thorough  neurological  exams  are  crucial  to  DCS  diagnosis, 
classification  and  treatment.  Concern  was  expressed  that  proper  patient  examination  is  too  often 
ignored  with  cases  of  altitude  DCS  Some  of  the  problems  with  the  inaccuracy  of  DCS  databases  can 
be  traced  to  improper  and  inadequate  patient  examination  Since  hyperbaric  treatment  procedures 
are  defined  by  the  specific  diagnosis,  doing  a  complete  but  expeditious  baseline  examination  is 
mandatory  Since  DCS  is  a  very  dynamic  disease,  following  examinations  during  the  course  of 
therapy  are  also  required.  Specifics  of  DCS  patient  examination  were  reviewed 


7.  ACCEPTABLE  RISK 

A  panel  discussion  followed  on  'acceptable  risk'  of  altitude  DCS.  It  was  pointed  out  that  a 
definition  of  acceptable  risk  varies  with  the  mission  and  ultimately  must  be  decided  by  the 
operational  people  responsible  for  that  mission.  It  is  the  responsibility  of  the  investigators  to 
equip  these  field  managers  with  the  best  available  research  information  to  enable  them  to  make 
informed  and  rational  decisions  In  turn,  the  investigators  must  have  access  to  accurate  and 
complete  feedback  from  the  field  in  order  to  frame  the  research  in  proper  perspective 


8.  CONauSIONS 

The  1990  Hypobario  Decompression  Sickness  Workshop  provided  a  forum  for  a  thorough  review  and 
in-depth  discussion  of  the  evolved  gas  problems  associated  with  manned  exposure  to  hypobanc 
environments  Altitude  DCS  is  a  potentially  hazardous  condition  that  is  treated  by  oxygen 
prebreathing  and  hyperbaric  therapy.  DCS  is  a  potential  hazard  in  the  space  program,  and  will 
continue  to  affect  EVA  operations  in  future  efforts  An  altitude  decompression  model  and  an  altitude 
decompression  computer  need  to  be  developed  to  permit  real-time  and  predictive  DCS  risk 
assessment.  The  reported  incidence  of  altitude  DCS  is  likely  inaccurate  due  to  potential  career 
consequences  associated  with  the  reporting  of  DCS  Efforts  toward  reporting  with  impunity  were 
recommended.  The  current  classification  of  DCS  manifestations  was  considered  arbitrary  and 
inaccurate  A  new  method  of  classification  was  recommended.  The  need  for  improvements  in  the 
examination  of  DCS  patients  was  stressed.  What  level  of  DCS  risk  is  acceptable  varies  and  is 
defined  by  mission  requirements  Such  decision-making  should  be  based  on  information  provided  by 
controlled  laboratory  research 
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SUMMARY 

Prebreathing  with  100%  oxygen  for  protection  against  serious  decompression  sickness  (DCS)  is 
standard  practice  in  the  United  States  Air  Force  (USAF).  Before  prebreathing  became  routine,  there 
were  18  reported  deaths  directly  related  to  altitude  DCS  Since  prebreathing  has  been  instituted, 
only  one  death  has  been  reported.  However.  DCS  cases  still  occur  and  are  primarily  associated  with 
training  in  altitude  chambers.  At  the  Armstrong  Laboratory  (AL).  Brooks  Air  Force  Base.  Texas. 
research  on  the  use  of  prebreathing  to  enhance  denitrogenation  is  directed  at  optimizing  schedules 
for  current  operational  requirements  in  both  aviation  and  space.  Concurrently,  development  of  a 
decompression/denitrogenation  computer  is  also  underway  This  analytical  model  is  based  on  both 
laboratory  and  operational  databases,  and  will  have  both  real-time  and  predictive  capability. 
However,  the  accuracy  of  these  databases  is  in  question  DCS  reporting  problems,  inconsistencies  in 
medical  diagnoses,  arbitrary  classification  of  symptoms,  historical  variations  in  symptom 
definition,  and  the  subjectiveness  of  intravascular  bubble  detection  techniques  must  be  taken  into 
account  before  reasonable  reliabilify  can  be  applied  fo  fhis  model 


1  INTRODUCTION 

In  the  1940's,  investigators  realized  that  aviators  wore  being  afflicted  with  an  illness  that  was 
similar  in  many  ways  to  a  disease  in  divers  known  as  dysbarism.  If  these  two  processes  were  truly 
related,  then  the  pathology-producing  event  in  both  would  bo  the  formation  of  nitrogen  bubbles  in 
tissues.  Once  it  was  recognized  that  nitrogen  bubbles  were  responsible  for  the  disease, 
investigators  began  looking  for  a  way  to  decrease  nitrogen  bubble  formation  at  altitude.  Unlike  the 
diver,  aviators  can  breathe  oxygen  both  prior  to  and  during  the  altitude  exposure.  This  assists  in  the 
wash-out  of  nitrogen  from  body  tissues.  Behnke  (2).  postulated  that  if  the  aviator  breathed  pure 
oxygen,  then  the  nitrogen  stores  in  the  body  would  decrease,  and  nitrogen  bubble  formation  would 
correspondingly  go  down.  In  fact,  if  pure  oxygen  was  breathed  for  a  long  enough  time  period,  the 
nitrogen  stores  in  the  body  would  be  completely  depleted,  and  the  risk  of  decompression  sickness 
(DCS)  would  be  eliminated  (8).  By  the  1960's.  prebreathing  prior  to  high  altitude  flights  became  a 
standard  practice,  and  the  occurrence  of  severe  altitude  DCS  symptoms  diminished  significantly. 

However,  the  protection  afforded  by  a  prebreathe  period  is  inconsistent  (18).  Prebreathing  is 
known  to  decrease  the  occurrence  of  severe  DCS  symptoms,  but  may  not  significantly  influence  the 
appearance  of  mild  DCS  symptoms  Tissue  denitrogenation  is  multi-dimensional  and  does  not  follow 
•-.inipi.-  linear  dynamics  and  this  may  account  for  some  of  the  inconsistencies.  The  optimal  time  of 
p-ebreathe  for  different  scenarios  has  not  been  established  since  the  perfusion  rates  of  various 
tissue  beds  vary  from  moment  to  moment.  Work  that  had  been  done  in  the  diving  field  may  not 
correlate  with  altitude  work  because  of  differences  in  gas  and  bubble  dynamics  at  altitude.  These 
difficulties  prompted  the  initiation  of  new  studies  on  prebreathing.  The  goal  of  this  paper  Is  to 
outline  the  process  of  denitrogenation,  review  the  old  literature,  and  present  new  work  being  done  to 
aid  in  the  prediction  of  decompression  sickness  in  the  aviator 


1.1  Nitrogen  Washout 

Prebreathing  is  based  on  the  nitrogen  washout  theory  introduced  by  Behnke  (2).  When  100% 
oxygen  Is  breathed  continuously,  a  partial  pressure  gradient  develops  between  the  bloodstream  and 
the  lungs.  Breathing  nitrogen-free  oxygen  maximizes  this  gradient  by  drastically  lowering  the 
nitrogen  content  of  the  lungs,  thus  causing  nitrogen  to  diffuse  out  of  bloodstream.  As  the  nitrogen 
content  of  the  blood  decreases,  a  second  gradient  is  established,  this  time  between  the  blood  and 
the  tissues.  As  the  nitrogen-poor  blood  passes  through  a  tissue  with  a  high  nitrogen  content, 
nitrogen  leaves  the  nitrogen-rich  tissues  and  enters  the  bloodstream.  The  rate  of  elimination  varies 
depending  on  the  perfusion  rate  for  each  tissue  type  (7)  By  using  this  technique  to  decrease  the 


amount  of  nitrogen  in  the  body  prior  to  altitude  exposure,  Behnke  (2)  believed  the  risk  of  altitude 
induced  nitrogen  bubbles  would  be  substantially  reduced  and  the  aviator  would  be  protected  against 
decompression  sickness.  Lundin  (13)  demonstrated  that  nitrogen  elimination  could  be  quantified  by 
measuring  the  end-tidal  air  with  a  nitrogen  meter  during  oxygen  breathing.  Various  individuals  have 
predicted  nitrogen  desaturation  curves  from  these  measurements  (1,  2.  10,  13).  These  curves  show 
that  95%  +/-  2%  of  the  total  body  stores  of  nitrogen  are  eliminated  in  the  first  four  hours  of 
prebreathe,  and  that  by  six  hours  98%  +/-  2%  of  total  body  stores  are  removed.  Behnke  (2)  had 
predicted  five  hours  prebreathe  with  100%  oxygen  would  completely  desaturate  tissues  and  give 
perfect  protection  against  DCS. 


too  r 

TO 


Time  (m<n) 


Figure  1.  Tissue  nitrogen  washout  over  time  while  breathing  100%  oxygen  (13). 
Open  circles  represer,i  fast  tissue  desaturation,  solid  line  represents  slow 
tissue  desaturation,  and  closed  circles  represent  total  body  washout  times 


1,2  The  Effect  of  Prebreathing  on  DCS 

Studies  in  the  1940's  and  1950's  substantiated  the  prebreathing  theory.  Since  the  introduction 
of  prebreathing  as  standard  procedure  in  the  USAF  in  the  1960’s,  only  one  death  from  DCS  has  been 
documented  (14).  Prior  to  that  time.  17  DCS  deaths  were  reported  (4).  There  Is  general  agreement 
that  oxygen  p'ebreathing  significantly  reduces  the  incidence  of  DCS  as  well  as  delaying  the  onset  of 
severe  DCS  symptoms.  However,  the  onset  and  occurrence  of  mild  symptoms  may  not  be  altered  to 
the  same  degree  by  oxygen  prebreathing.  Gray  (9)  exposed  subjects  to  38,000  feet  for  two  hours 
after  a  45  minute  prebreathe  with  100%  oxygen.  He  found  an  88%  reduction  in  the  incidence  of 
severe  bends,  and  a  reduction  of  100%  in  the  incidence  of  chokes.  No  significant  decreases  in  mild 
symptom ,  after  prebreathing  were  found.  This  study  defined  a  severe  symptom  as  intolerable  pain  at 
altitude  Mild  symptoms  were  any  pains  that  were  tolerable  at  altitude.  However,  during  this  time 
period,  most  investigators  did  not  feel  mild  pain  was  of  significance,  and  its  onset  was  often  not 
reported.  Additionally,  there  were  varying  definitions  of  'significant"  symptoms  Because  of  these 
opinions,  the  results  of  some  of  the  old  prebreathing  experiments  are  difficult  to  interpret 

Symptomatic  subjects  often  remained  at  altitude  in  these  studies  For  example,  in  a  study  by 
Fryor  (6),  90%  of  the  subjects  remained  at  35.000  feet  for  one  hour.  Fifty  five  percent  were  at  this 
a'htude  tor  (our  hours.  Almost  all  of  these  subjects  had  symptoms  that  would  today  terminate  the 
exposure.  When  subjects  remained  at  altitude  with  mild  to  moderate  pain,  the  natural  progression  of 
the  disease  was  seen.  In  some,  pain  resolved  while  at  altitude.  In  other  subjects,  pain  did  not 
increase  to  a  point  requiring  descent  However,  at  the  end  of  two  hours,  greater  than  20%  of  runs 
were  aborted  due  to  severe  symptoms  Clark  et  al  (3)  collected  data  from  500  flights  to  38.000 
feet.  Again,  flights  were  not  terminated  unless  the  subject  experienced  severe  pain.  Onset  of 
symptoms  was  delayed  as  prebreathe  times  increased  These  investigators  graded  DCS  pain  as 
follows: 

Grade  1«  (mild)  -  signs  and  symptoms  are  noted,  and  there  is  a  definite  degree  of  discomfort. 

Grade  2«  (severe)  -  definite  discomfort  which  had  progressed  sufficiently  to  cause  interference 
with  performance  of  normal  activities  or  duties.  At  this  point,  subjects 
usually  removed  from  the  chamber 


were 


Grade  2*  (chokes)  -  characterized  by  a  cough  on  deep  inspiration.  Flights  were  terminated  when 
this  symptom  was  present 

Despite  the  prebreathing,  protection  was  not  universal  and  there  was  a  great  deal  of  intrasubject 
variability  These  data  are  summarized  in  Table  1 

Bateman  (1)  developed  the  concept  of  threshold  decompression  altitudes  by  calculating  tissue 
half  times  for  both  slow  and  rapid  nitrogen  elimination  phases  (Table  2).  He  predicted  the  nitrogen 
load  remaining  in  both  slow  and  fast  tissues  after  oxygen  prebreathe.  He  then  used  this  to  determine 
the  maximum  exposure  altitude  where  DCS  protection  could  be  expected  based  on  both  tissues 
hitrogen  loads  For  example,  this  method  predicted  that  a  2  hour  prebreathe  of  100%  oxygen  would 
provide  complete  protection  up  to  an  altitude  of  36,419  feet  Only  after  exceeding  this  level  would 
the  nitrogen  differential  between  the  body  and  the  ambient  environment  be  high  enough  to  cause 
bubble  formation 


Onset  of  Symptoms 


1  lours 

Altitude 

Grade  1 

Grade  2 

02 

(feet) 

(min) 

(min) 

0 

38.000 

33 

40 

1 

38.000 

71 

76 

2 

38.000 

100 

100 

Table  1.  Protection  against  decompression  sickness. 
Data  from  Clark  et  al.  (3). 


Time  Spent 
Breathing 

O5  al  Sea 

Level 

(hours! 

Fraction  of 

Initial 

Nitrogen 

Remaining 

(mmHfil 

PN2 

(mmHfi] 

Equivalent 
Total  Pressure 
for  Person 
Breathing  Air 
tmnHi!) 

Threshold 

Decompression 

Pressure 

Threshold 

Decompression 

Altitude 

deed 

0 

l.OOO 

573 

760 

266 

26.263 

0,5 

0.908 

520 

607 

240 

28.6X 

1,0 

0.820 

470 

635 

206 

31.765 

2.0 

0.672 

386 

528 

167 

36.419 

2.5 

0.608 

348 

482 

150 

38.800 

Table  2.  Threshold  decompression  altitudes  for  bubble  formation  in  slowly 
desaturating  tissue  following  breathing  of  pure  oxygen  (1). 


In  more  recent  studies,  Waligora  et  al  (19)  found  prebreathing  eliminated  both  severe  and  mild 
symptoms  during  a  4.3  psia  (30,000  feet)  exposure  simulating  extravehicular  activity  in  a  space  suit 
They  determined  that  an  8  hour  prebreathe  would  completely  eliminate  DCS  symptoms  as  well  as 
venous  bubbles  (as  measured  by  precordial  Doppler).  This  work  is  summarized  in  Table  3 


Hours  of 

# 

%DCS 

%Venous 

O2  Prebreathe 

Subjects 

Symptoms 

Bubbles 

3.5 

23 

30 

65 

4.0 

28 

21 

46 

6.0 

38 

10 

29 

8.0 

8 

0 

0 

Table  3.  Results  of  exposure  to  a  decompression  to  4.3  psla 
(30,000  feet)  simulating  extravehicular  activity  (19). 


2.  CURRENT  PREBREATHE  REQUIREMENTS 

Ptebreathing  Is  a  standard  USAF  procedure  prior  to  all  high  altitude  exposures  Prebreathe 
schedules  have  been  developed  by  the  USAF  tor  various  operational  settings  Use  of  these  guidelines 
has  reduced,  but  not  eliminated  DCS.  Table  4  lists  the  AL  prebreathe  requirements  for  research 
subjects  and  inside  observers  in  altitude  simulators  (12).  Prebreathing  is  required  for  any  chamber 
flight  exceeding  18,000  feet  for  more  that  15  minutes.  Prebreathe  times  are  extended  as  the 
altitude  and  lime  of  exposure  increase.  For  example,  a  flight  to  35,000  feet  tor  20  minutes  requires 
a  prebreathe  time  of  30  minutes,  while  a  flight  to  19,000  feet  for  20  minutes  requires  a  15  minute 
prebrealhe.  The  AL  maintains  a  DCS  database  built  from  all  in-house  decompression  work  (20) 
Modifications  to  existing  prebreathe  procedures  stem  from  this  database 

3.  DECOMPRESSIONOENITROGENATION  MODEL 

For  50  years  guidelines  for  safer  altitude  exposures  have  been  developed  by  costly 
time-consuming  studies,  many  specific  to  unique  exposure  scenarios  The  results  of  such  studies  are 
difficuU  to  ^ppty  to  new  opo^’ational  requirements.  Thus,  as  new  requirements  arise,  more 
specialized  studies  are  undertaken.  This  accumulated  wealth  of  data  provides  an  opportunity  for  the 
development  of  an  organized  method  of  predicting  DCS  risk.  The  AL  is  presently  developing  such  a 
model  (17).  The  work  combines  sophisticated  decompression  algorithms  with  the  vast  collection  of 
databases  available  from  50  years  of  experience,  and  will  result  in  a  state-of-the-art  computerized 
model.  This  standardized  decompression/denitrogenation  computer  will  provide  both  real-time  and 
predictive  DCS  risk  assessment  capability  for  the  USAF 
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Maximum 

Altitude 

Maximum 
Exposure  Time 

Prebreathe 

Time  Required 

45.001-50.000  ft 

<  3  minutes 

<  5  minutes 

45  minutes 

60  minutes 

40.001-45.000  ft 

<  5  minutes 

<  15  minutes 

30  minutes 

60  minutes 

35.001-40.000  ft 

<  10  minutes 

<  20  minutes 

<  45  minutes 

30  minutes 

60  minutes 

90  minutes 

25.001-35.000  ft 

<  15  minutes 

<  30  minutes 

<  60  minutes 
>  60  minutes 

30  minutes 

60  minutes 

90  minutes 
90+(T-60)  min 
(up  to  3  hour  max) 

i8.001-25.000  ft 

<15  minutes 

<  30  minutes 

<  60  minutes 
>  60  minutes 

0  minutes 

15  minutes 

30  minutes 

1:1  to  3  hour  max 

ground  level- 

no  limit 

none 

18.000  ft 


Table  4.  Armstrong  Laboratory  prebreathe  requirements 

Improved  operational  safely  and  effectiveness  is  an  obvious  outcome  with  this  computer,  as  well 
as  a  reduction  in  DCS  research  costs.  Operational  safety  will  be  enhanced  by  rapidly  defining  the 
DCS  risk  for  any  altitude  exposure  in  an  organized  and  standard  manner  Figure  3  depicts  a 
conceptual  cockpit  computer  showing  the  DCS  risk  display  and  input  controls  for  the  primary  risk 
variables.  A  weighing  system  for  individual  risk  factors  will  be  incorporated  into  the  model,  and 
will  include  the  aviators  age,  percent  body  fat.  and  prebreathe  time 

After  assessing  the  risk  factors,  the  model  will  provide  individualized  real-time  analysis  of  the 
decompression  sickness  risk  during  the  flight  and  will  permit  immediate  deviations  in  the  flight 
plan  to  increase  safety  During  high  altitude  mission  planning,  this  model  can  be  used  as  a  predictive 
aid  in  the  selection  flight  options.  If  risk  is  too  high,  protective  measures  can  be  added  in 
advance  to  decrease  the  risk  to  a  mission  acceptable  level 

This  computer  could  be  used  when  defining  protective  limitations  during  the  development  of  new 
aircraft  systems  such  as  the  ATF  and  NASP.  Answers  to  field  inquiries  about  altitude  DCS  risk  will 
not  need  costly  research  protocols,  and  DCS  research  costs  will  be  reduced  Currently,  altitude 
chamber  exposures  contribute  the  largest  portion  of  USAF  DCS  cases  (15).  The  computer  could  be 
used  to  individually  assess  DCS  risk  for  all  occupants  and  allow  protective  measures  to  be  used,  thus 
increasing  chamber  safety 


Figure  2  CorKeptual  Altitude  Decompression  Computer 


4  INCONSISTENCIES  IN  DCS  DATA 

Curing  the  early  stages  M  model  development,  a  major  deterrent  to  the  successful  completion  of 
the  described  decompresb-on  romputer  concept  surfaced.  This  problem  is  the  accuracy  of  the  various 
databases  that  are  to  be  used  .*>  the  model  design.  There  are  several  aspects  to  this  problem 
Significant  inconsistencies  exist  b>^tween  databases.  For  instance,  investigators  frequently  used 
different  endpoints  m  their  work,  but  did  not  adequately  define  these  endpoints.  As  described 
earlier,  mild  to  moderate  symptoms  were  of  little  interest  to  early  investigators,  and  therefore, 
were  frequently  ignored  Attitudes  about  the  significance  of  mild  symptoms  have  since  changed,  and 
now  mild  symptoms  are  considered  the  endpoint  in  many  studies. 

However,  in  the  operational  arena,  mild  symptoms  are  probably  ignored  as  well.  Concerns  about 
career  and  mission  impact  may  lead  to  under-reporting  of  symptoms,  especially  if  'grounding'  is  a 
consequence  of  reporting  DCS  (15).  This  attitude  is  reinforced  when  decompression  sickness 
symptoms  resolve  on  descent  and  the  aviator  does  not  have  pain  at  ground  level  Without  some  type 
of  immunity  in  the  reporting  of  DCS  symptoms,  the  true  frequency  of  symptoms  will  remain  obscure 
and  field  reporting  will  continue  to  be  much  lower  than  laboratory  reporting  and  biased  towards 
severe  cases.  In  a  recent  study  at  the  AL  (16).  it  was  found  that  the  lowest  percent  of 

decompression  sickness  observed  during  four  hour  exposures  at  29.500  feet  with  either  one  or  two 

hours  of  prebreathe  time  was  still  44%,  which  is  significantly  higher  than  the  number  of  cases 
reported  by  field  units.  This  is  in  spite  of  the  fact  that  the  flight  protocol  was  identical  to  that 
used  in  the  field.  This  will  make  interpretation  of  the  effectiveness  of  the  model  in  the  real 
conditions  difficult. 

Another  pitfall  in  the  evali  ation  of  decompression  sickness  is  the  Type  I  and  Type  II 

classification.  This  classification  system  tells  the  investigator  little  about  the  severity  of  the 

disease.  Decompression  sickness  exhibits  a  continuum  of  symptoms  (Figure  3)  Any  symptoms  can 
be  the  initial  presentation.  The  disease  can  then  remain  constant  or  progress  in  either  direction  on 
the  scale.  In  addition,  the  course  of  decompression  sickness  is  extremely  variable  ;  11.15) 

Symptoms  can  resolve  on  descent,  remain  constant,  or  resolve  and  recur.  A  simple  Type  I  or  Type  II 
classification  gives  no  indication  of  this  dynamic  situation  Finally,  various  organizations  have 
different  criteria  for  the  Type  I  and  Type  M  classifications.  Some  agencies  consider  hip  pain  as  a 
Type  I  symptom,  while  others  consider  this  to  be  a  Type  II  symptom  Therefore,  for  both  the 
investigator  and  the  clinician,  the  Type  I  and  Type  II  classification  provides  inadequate  information 
about  the  disease 
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Figure  3.  The  DCS  Continuum  of  Symptoms 


Recently,  a  new  classification  scheme  has  been  proposed  (5).  This  approach  uses  a  specific 
description  of  the  illness  instead  of  broad  classification.  Under  the  present  system,  knee  pain  is 
listed  as  Type  I  DCS.  The  new  scheme  describes  knee  pain  as  acute,  static,  limb-pain,  decompression 
illness.  Visual  field  changes  that  resolve  on  descent  and  then  recur  would  formerly  have  been  called 
Type  II  decompression  sickness.  Now,  however,  it  will  be  described  as  acute,  relapsing,  neurologic 
decompression  illness.  Some  of  the  guesswork  required  between  investigators  would  be  eliminated 
with  this  new  system.  From  this  description  alone,  the  investigator  nas  an  idea  about  the 
presentation  of  the  symptoms  and  the  course  of  the  disease.  If  such  a  system  were  universally 
adopted,  there  would  be  vast  improvements  in  database  recording  This,  in  turn,  would  provide  more 
reliable  data  for  the  development  of  the  decompression  sickness  risk  assessment  model. 


5.  CONCLUSIONS 

In  summary,  prebreathing  is  the  main  protective  measure  used  against  altitude  decompression 
sickness.  Current  prebreathe  schedules  are  based  on  work  dating  back  to  the  1940’s  and  1950's. 
However,  while  prebreathe  schedules  do  prevent  significant  decompression  sickness  occurrences, 
optimum  schedules  for  specific  mission  scenarios  need  to  be  identified.  With  the  development  of  a 
more  useful  reporting  system,  databases  will  provide  the  necessary  information  for  the  development 
of  a  decompression  sickness  risk  assessment  model.  This  model  can  then  be  used  to  predict  the 
prebreathe  time  needed  to  protect  high  altitude  aviators  in  specific  and  new  situations  and  to  help 
reduce  further  the  occurrence  of  all  decompression  sickness  events. 
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SUMMAIty 

Discussion  of  acceleration  protec¬ 
tion  measures  should  be  based  on  analy¬ 
sis  of  relevant  accident  data  including 
determination  of  high  risk  aircraft,  Z 
profiles,  and  pilot,  eighteen  accidents 
attributed  to  G-induced  loss  of  con¬ 
sciousness  (GLOC)  occurred  in  the  OSAF 
during  the  9-year  period  1982-1990 
resulting  in  14  fatalities.  All  18 
occurred  during  single  cretvmember 
sorties  for  an  average  rate  of  2.1  per 
million  single-seat  flying  hours.  The 
rate  for  1982-1984  of  4.3,  decreased 
si gni f ican tly  for  1985-1990  to  1.3. 
Accident  records  were  reviewed  for 
cofactor  data  and  compared  to  normal 
data  for  OSAF  pilots  for  age,  height, 
•weight,  systolic  blood  pressure,  dlas** 
tolic  blood  pressure,  heart  rate,  total 
flying  time,  and  aircraft-specific 
flying  hours.  Only  for  systolic  blood 
pressure  (higher)  and  aircraft-specific 
flying  hours  (shorter)  were  the  mishap 
pilots  significantly  different  from 
other  dSAP  pilots.  No  evidence  was 
found  in  this  rsview  to  support  the  role 
of  weight  training  vs  aerobic  training, 
missed  meals,  or  heat  in  the  causation 
of  GLOC  accidents.  Thus  the  mishap 
pilots  appeared  to  be  a  representative 
cross-section  of  USAP  pilots  with  re¬ 
spect  to  personal  variables.  '4ore  sig¬ 
nificant  factors  appeared  to  be  3  dura¬ 
tion,  G  Tiagnltude,  use  of  G-trousers, 
and  experience  in  assigned  aircraft. 


imiooueriON 

Previous  studies  of  centrifuge  sub¬ 
jects  have  demonstrated  positive  corre¬ 
lations  between  maximum  G-level  attained 
without  the  use  of  an  anti-G  straining 
maneuver  (AGS'i)  and  the  following  varla- 
blest  age  (1,2),  weight  (2,3),  systolic 
blood  pressure  (1,4,5),  and  total  flying 
experience  (2).  A  negative  correlation 
has  been  demonstrated  between  height  and 
G  tolerance  (1,3, 4, 5).  Aerobic  training 
has  not  been  shown  to  enhance  S-Ievel 
tolerance  (6).  Oiurnal  rhythm  has  been 
demonstrated  to  have  a  small  but  meas¬ 
urable  effect  on  G-lavel  tolerance  (7), 
(pea)c  tolerance  in  the  early  aorning). 
height  training  has  been  demonstrated  to 


increase  3  tolerance  times  in  subjects 
performing  an  AGS'4  (8).  Except  for  Hull 
-who  studied  pilots  and  navigators,  all 
of  these  studies  used  non-pilot  sub¬ 
jects. 

Recently  Webb  et  al.  (9),  in  a 
study  of  1,434  USAP  fighter  pilots, 
again  demonstrated  statistically  signif¬ 
icant,  but  very  low,  correlations 
between  relaxed  G-leval  attained  on  the 
centrifuge  and  tne  following  variables: 
age  (r*+.17),  height  (-.18),  weight 
(+.08)  systolic  blood  pressure  (+.10), 
and  diastolic  blood  pressure  (+.06). 
Only  height,  however,  was  significantly 
correlated  with  S-level  tolerance  in 
pilots  performing  an  AGSN  on  rapid  onset 
runs  (negative  correlation).  None  of 
these  variables  was  associated  with  GLOC 
on  the  centrifuge.  Another  study  of  the 
same  variables  also  in  pilots  performing 
an  AGSi  on  rapid  onset  runs,  demonstrat¬ 
ed  only  a  positive  correlation  bet<»een 
weight  and  3-level  tolerance  and  a 
negative  correlation  bet«reen  resting 
heart  rate  and  3-level  tolerance  (10). 

Other  studies  have  addressed  in¬ 
flight  Incidents  of  GLOC  wnich  did  not 
result  In  aircraft  accidents  (GLOC 
physiologic  mishaps).  One  such  study  of 
USAP  student  pilots  determined  the 
incidence  (1.7  episodes  per  month  in 
USAP  training)  and  predisposing  acrobat¬ 
ic  maneuvers  of  GLOC  physiologic  mishaps 
(split-s  maneuver  resulted  in  30%  of 
GLOC  physiologic  mishaps  and  spin/dive 
recovery,  23%)(11).  A  study  of  US  Navy 
pilots  determined  the  Incidence  of  GLOC 
physiologic  mishaps  in  various  aircraft 
and  found  no  significant  association 
between  these  mishaps  and  age,  height, 
or  weight  (12). 

Following  recognition  of  GLOC  as  a 
significant  cause  of  USAP  accidents  in 
the  early  1980*9  (1,13),  continuous  and 
intensive  high  3  centrifuge  training  for 
fast  jst  pilots  was  instituted  in  Janu¬ 
ary  1985  (1,15).  In  1988,  the  USAP 
started  to  prlorltiae  pilots  for  centri¬ 
fuge  training  on  the  basis  of  presumed 
risk  factors  of  low  resting  heart  'rate 
(<60),  low  sitting  systolic  blood  pres¬ 
sure  (<110),  height  >  72  inches  with 
slender  body  build,  and  total  flying 
time  <500  hours  (personal  communication 
HJ  TAC/SGPA).  In  addition,  pilots  were 
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aggresively  educated  about  the  GLOC 
proble®  by  means  of  briefings,  video¬ 
tapes,  and  safety  articles  (14,15). 

Boards  of  inquiry  into  US4P  air¬ 
craft  accidents  have  attributed  18 
mishaps  to  GLOC  during  the  period  1982- 
1990.  \t  least  27  scientific  articles 
have  been  published  on  various  aspects 
of  GLOC  in  Aviation,  Space,  and  environ¬ 
mental  Medicine  alone  during  these 
years.  Previous  studies,  hoiiiever,  do  not 
provide  accident  details,  calculate 
incidence  rates,  or  describe  any  rela¬ 
tionships  to  possible  cofactors  such  as 
anthropometric  features,  flying  experi¬ 
ence,  and  lifestyle,  in  actual  GLOC  aci- 
dents. 


HATSRIALS  AND  N8TB00S 

The  first  accidents  coded  for  GLOC 
in  either  the  Safety  or  the  Life 
Sciences  Databases  of  the  USAP  Inspec¬ 
tion  and  Safety  Center  occurred  in  1982. 
These  databases  ^tece  cavie^red  for  acci¬ 
dents  attributed  to  GLOC  occurring 
daring  the  9-year  period  1982-1990.  The 
accidents  were  characterised  with  re¬ 
spect  to  date  of  occurrence,  type  and 
duration  of  sortie,  and  pealc  level  and 
duration  of  +3z  immediately  preceding 
GLOC.  Data  were  extracted  from  the 
accident  investigation  reports  on  the 
following  cofactors:  age,  height, 
weight,  systolic  blood  pressure,  dias¬ 
tolic  blood  pressure,  resting  heart 
rate,  total  flying  hours,  aircraft- 
specific  flying  hours,  exercise  habits, 
and  eating  habits.  Por  accidents  occur¬ 
ring  after  1988,  preaccident  vital  signs 
data  were  recorded  on  the  mishap  re¬ 
ports.  Por  mishaps  before  1988,  these 
data  were  obtained  from  physical  exami¬ 
nation  forms  in  the  pilot's  medical 
records.  Data  were  complete  except  for 
Information  on  exercise  habits  (incom¬ 
plete  for  3  pilots)  and  eating  habits 
(incomplete  for  2  pilots). 

To  ascertain  a  rate  for  GLOC  acci¬ 
dents,  the  appropriate  denominator  was 
determined  to  be  single  seat  flying 
hours.  The  total  of  all  hours  logged  in 
the  P-16,  P-15  (except  P-15B),  A-10,  A- 
7,  F-5,  F-106,  and  OA-37  was  provided  by 
ileadquarters  (JSAP,  Training  and  Warrior 
'Management  Division,  Directorate  of 
Dperations.  To  this  total  was  added 
75,000  per  year  for  solo  T-37  hours 
(estimate  provided  by  headquarters  Air 
Training  Command).  Because  all  flying 
hour  data  are  recorded  by  fiscal  year  (1 
October  -  30  September),  fiscal  rather 
than  calendar  year  is  used  in  TA8LB  I 
and  in  all  rate  calculations.  Normal 
data  on  the  magnitude  and  duration  of 
>Gz  exposure  in  typical  P-16  sorties 
were  obtained  from  a  study  of  34  flights 
(40.52  hours)  over  a  variety  of  mission 
scenarios  (HBBCO,  INC,  January  27,1987, 
Contract  P34600-85-C-01 74,  Task  BA86-06, 
OC-ALC/MNOA,  Tinker  APS,  OK). 


Normal  data  for  personal  and 
biologic  variables  were  obtained  from  a 
variety  of  sources.  Age,  total  flying 
time,  and  aircraft  specific  flying  times 
were  obtained  froto  Military  Personnel 
Center  records  maintained  by  the  USAP 
Human  Resources  Laboratory.  Data  as  of 
31  December  1964  were  used  for  all 
pilots  who  had  flown  an  P-16,  P-15 
(except  P-15E),  A-10,  A-7,  P-5,  P-106, 
or  OA-37  within  the  previous  6  months. 
Normal  data  for  age,  height,  weight, 
systolic  blood  pressure,  and  diastolic 
blood  pressure  were  obtained  by  using 
data  on  the  1,216  JSAP  fast  jet  pilots 
trained  on  the  USAP3AM  centrifuge  be¬ 
tween  January  198$  and  May  1988  for  whom 
complete  medical  data  were  available. 
Heart  rate  data  were  not  routinely  ob¬ 
tained  on  centrifuge  trainees,  but  were 
obtained  on  a  random  sample  of  37  pilots 
under  age  27.5  years-old  who  had  elec¬ 
trocardiograms  on  file  at  USAPSAN.  To 
determine  the  representativeness  of  this 
sample  of  USAPSAM  centrifuge  trainees, 
data  for  age,  height,  weight,  and  blood 
pressure  were  obtained  from  other 
sources  and  compared  to  these  trainees. 
The  mean  age  of  single  seat  pilots  in 
the  Military  Personnel  Center  database 
as  of  December  1964  was  32.6  years 
compared  with  31  for  USAPSAM  trainees. 
Height  (179  cm)  and  weight  (79. B  kg) 
data  obtained  on  350  USAP  pilots  in  1990 
by  the  Armstrong  Aeromedical  Research 
Laboratory  (USAP)  is  almost  identical  to 
that  of  USAPSAM  centrifuge  trainees 
(TA8LB  I).  A  mean  resting  systolic  blood 
pressure  ineasurement  of  118,  obtained  on 
291  Air  Training  Command  Pilots  in  1978- 
1981  (Technical  Report,  Analysis  and 
Bvaluation  of  Trial  "Heart*  Program  and 
Plan  for  Air  Force  Wide  Implementation, 
vol  1,  Industrial  Engineering  Dept., 
Purdue  University,  15  January  1982),  is 
slightly  higher  than  that  of  USAPSAM 
centrifuge  trainees  (116  mmHg). 

Normal  data  for  eating  and  exercise 
habits  of  pilots  are  limited.  An  esti¬ 
mate  of  the  frequency  of  missed  meals 
among  OSAP  tactical  pilots  was  obtained 
by  a  survey  of  96  P-16  pilots,  31  T-38 
pilots,  46  T-37  pilots,  and  48  r-37 

students  in  1989  (personal  communication 
Dr.  Robert  Rechtenwald ) .  An  estimate  of 
the  exercise  habits  of  USAP  tactical 
pilots  was  obtained  by  a  survey  of  107 
P-16  pilots  performed  in  1990  (16), 


RBSOLTS 

Eighteen  Class  A  accidents  cited 
GLOC  as  a  contributing  cause  during  the 
9  year  period  1982  to  1990  (TABLE  I).  A 
variety  of  aircraft  types  was  involved, 
but  all  mishap  aircraft  were  being  flown 
by  a  single  crewmember.  The  number  of 
GLOC  accidents  annually  declined  from  a 
mean  of  3.3  in  1982-84  to  1.3  in  1985- 
90<  at  the  same  time  the  number  of  hours 
flown  in  single  seat  aircraft  increased 
by  30% •  The  overall  rate  of  GLOC  acci¬ 
dents  decreased  from  4.0  per  million 
flying  hours  in  1982-84  to  1.3  in  1985- 
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90  (p<  .05). 

Fourteen  of  these  accidents  result'* 
ed  in  fatal  injuries:  9  pilots  were 
evidently  unconscious  until  ground 
impact,  2  made  an  unsuccessful  aircraft 
recovery  attempt  just  before  impact,  and 
3  were  )cilled  during  attempted  escape  (2 
were  due  to  failure  of  ejection  systems 
and  1  drowned  after  water  entry).  One 
pilot  survived  with  injuries  when  uncom¬ 
manded  ejection  followed  ground  impact. 
Three  pilots  successfully  ejected  in¬ 
flight:  one  sustained  toajor  injuries, 
one  had  minor  injuries,  and  one  was 
uninjured. 

Heat  was  noted  to  be  a  factor  in 
4/19  (22%)  accident  reports.  Most  of  the 
accidents  occurred  in  either  the  summer 
or  the  winter  (p<.05,  TA8LB  11).  All 
the  accidents  occurred  between  0900  and 
1530  local  time,  with  half  occurring 
between  1100  and  1300. 

For  16  pilots  the  mishap  sortie  was 
their  first  sortie  of  the  day  and  for 
two  it  was  their  second.  Twelve  of  the 
aircraft  (61%)  were  involved  in  air 
combat  simulation,  four  (22%)  in  simu¬ 
lated  air-to-ground  attac)c,  and  two 
(11%)  in  acrobatics  wnen  the  accident 
took  place  (Fig.  1).  For  the  air  combat 
sorties.  Pig.  2  also  shows  the  distribu¬ 
tion  of  accidents  by  the  number  of 
engagements  flown  before  the  mishap 
occurred.  There  appeared  to  be  a  bimodal 
distribution  of  accidents  by  time  into 
the  sortie  with  a  few  accidents  occur¬ 
ring  very  early  in  the  sortie  but  most 
occurring  late.  Two  of  the  accidents 
occurred  before  the  beginning  of  the 
engagement:  one  during  a  3  warm-up 
maneuver,  and  one  daring  a  collision 
avoidance  maneuver*  The  largest  number 
of  accidents  occurred  during  the  third 
engagement. 

The  magnitude  of  the  exposure 
immediately  before  v3LOC  is  shown  in  Fig. 
2.  The  maximum  acceleration  during 

the  period  immediately  preceding  the 
mishap  varied  from  4  to  9  3.  In  four 
accidents,  the  pilot  was  not  wearing  3- 
trousers:  the  F-106  pilot  opted  not  to 
wear  3  trousers  and  the  T-37/0A-37s  are 
not  equipped  for  G-trousers.  In  three 
farther  cases  the  pilots  were  thought  to 
have  had  problems  with  their  G-trousers: 
one  was  a  suspected  hose  disconnect,  one 
was  poorly  fitted  and  one  was  found  with 
comfort  zippers  unzipped.  Three  of  the 
five  accidents  occurring  at  <6  3z  (and 
both  of  the  accidents  occurring  at  <5 
Gz)  involved  pilots  not  wearing  G-trou¬ 
sers.  All  14  accidents  Involving  pilots 
wearing  G-trousers  occurred  at  >  9>53z. 
Five  out  of  14  (36%)  of  these  accidents 
occurred  at  >  -t-SGs  (TABLE  III)  even 
though  only  4r  of  the  peaks  above  ■I’SGz 
reached  this  level  of  3  exposure 
(p<  .05).  Four  of  the  seven  F-16  acci¬ 
dents  (57%)  occurred  at  >  8  3z  and  all 
occurred  at  ^  6  3s« 

The  duration  of  3  exposure  above 


-fSGz  immediately  preceding  the  accident 
for  pilots  wearing  G-trousers  is  shown 
in  TABLE  IV.  Insufficient  data  on 
exposure  were  available  in  the  accident 
records  to  estimate  the  duration  of  -KjZ 
exposure  for  the  G  warm-up  maneuver  and 
the  collision  avoidance  maneuver,  so 
this  TABLE  is  based  on  data  from  only  12 
accidents.  As  far  as  can  be  determined 
unconsciousness  most  commonly  occurred 
after  5  to  9  seconds  of  3  exposure.  Only 
2/12  (17%)  of  3L0C  accidents  and  1/7 

(14%)  of  the  F-16  GLOC  accidents  result¬ 
ed  from  -t-Gz  exposure  of  less  than  5 
seconds  duration  above  't'5Gz  even  though 
87%  of  P-16  peaks  above  '•’5GZ  lasted  less 
than  5  seconds  (p<.05). 

TABLE  V  compares  the  age,  height, 
weight,  systolic  blood  pressure,  and 
diastolic  blood  pressure  of  the  18  GLOC 
pilots  with  normal  data  from  1,216 
fighter  pilots  trained  on  the  USAFSAM 
centrifuge  between  January  1985  and  Hay 
1988.  Heart  rate  data  for  the  18  GLOC 
pilots  are  compared  to  a  subsample  of  37 
U3APSAM  trainees  for  whom  heart  rate  was 
determined.  Only  for  systolic  blood 
pressure  do  the  accident  pilots  differ 
significantly  from  normal  (higher). 

TABLE  VI  compares  the  age,  total 
flying  hours,  and  aircraft-specific 
hours  of  the  18  mishap  pilots  with  3,491 
OSAF  pilots  with  recent  fighter  experi¬ 
ence.  The  aircraft-specific  hours  of  the 
accident  pilots  are  significantly  less 
than  that  of  the  normal  pilots. 

TABLE  VII  compares  the  exercise 
habits  and  eating  habits  of  the  18  GLOC 
pilots  with  survey  samples  of  USAF 
pilots.  Freaccident  exercise  habits  of 
the  15  pilots  for  «fho  exercise  habits 
were  reported  varied  considerably:  two 
were  regular  weight  lifters  only,  two 
were  regular  runners  only,  one  was  an 
occasional  runner,  three  did  both  regu¬ 
larly,  one  did  both  occasionally,  two 
had  recently  reduced  both  weight  and 
aerobic  training,  one  had  recently 
reduced  aerobic  training,  and  five  were 
neither  regular  runners  nor  weight 
lifters.  Missed  meals  were  noted  to  be  a 
factor  in  7/18  accident  reports.  A 
consistent  definition  of  missed  meals, 
however,  weis  not  used  throughout  these 
accident  and  no  coiqparison  with  normal 
data  was  made.  For  the  16  pilots  for 
whom  diet  on  the  day  of  the  accident 
could  be  determined,  only  4  (25%)  had  no 
solid  food  for  breakfast  on  the  day  of 
the  mishap.  This  is  less  than  the  esti¬ 
mated  44%  of  P-16  pilots,  29.6%  of  T-38 
pilots,  31.9%  of  T-37  instructors,  or 
38.1%  of  r-37  students  who  ordinarily 
miss  breakfast  (personal  communication. 
Dr.  Robert  Rechtenwald) . 

TABLE  VIll  applies  the  USAF  crite¬ 
ria  for  prioritizing  centrifuge  training 
(see  INTRODUCTION)  to  the  16  non-student 
GLOC  pilots  and  to  normal  pilots.  Just 
three  GLOC  pilots  were  taller  than  72 
inches,  but  all  but  one  were  of  above 
average  weight  for  their  height.  One 


5-4 


SLOC  pilot  had  a  low  systolic  blood 
pressure  only,  one  had  both  low  systolic 
and  diastolic  blood  pressures,  and  two 
had  resting  heart  rates<  60  bpa.  Four  of 
the  pilots  were  inexperienced  with  leas 
than  500  total  flying  hours.  Only  for 
total  flying  time  was  the  proportion  of 
6L0C  pilots  identified  by  the  parameter 
greater  than  the  proportion  of  normal 
pilots  identified. 

Three  of  the  GLOC  pilots  had 
undergone  centrifuge  training  (two 
before  their  accident  and  one  after  his 
accident).  The  mean  relaxed  -fGx  toler¬ 
ance  to  gradual  onset  (0.1  Q/sec)  for 
these  subjects  was  5.35  (range:  4.3- 
6.15)  compared  to  a  USAP  mean  of  5.2. 
The  straining  >>Gz  tolerance  was  7.6 
(range:6.6-8.7)  compared  to  a  mean  of 
8.3.  One  of  the  mishap  pilots  had  a 
history  of  an  inflight  G-induced  loss  of 
consciousness  episode  as  a  student:  this 
episode,  which  did  not  result  in  an 
accident,  occurred  at  an  exposure  of 
less  than  >3  Gz. 

Cockpit  attention  management  prob¬ 
lems,  such  as  distraction  and  channel¬ 
ized  attention,  were  noted  in  half  the 
mishaps.  In  some  cases,  factors  such  as 
misreading  an  altimeter  or  reacting  to  a 
threat  call  intended  for  a  wingman  were 
believed  to  have  contributed  to  G-in- 
djced  loss  of  consciousness.  In  three 
cases,  disorientation/vertigo  resulting 
from  the  period  of  unconsciousness 
interfered  with  recovery  attempts.  Self- 
imposed  stresses,  other  than  missed 
meals,  were  .j“oected  in  five  of  the 
accidents  (mule. pie  stresses  in  two 
cases):  fa  igu^  in  three  accidents, 
alcohol  use  in  cwo  ,  preexisting  Illness 
in  two,  and  self-medication  in  two. 


DISCUSSION 

GLCX;  is  most  strongly  associated 
with  the  rate  of  onset,  the  magnitude, 
and  the  duration  of  -fGz  exposure.  The 
use  of  G  trousers  and  cockpit  configura¬ 
tion  (e.g.,  P-16  tilt  back  seat)  appar¬ 
ently  influence  the  threshold  for  GIOC. 
There  appears  to  be  a  bimodal  distribu¬ 
tion  of  accidents  by  time  into  the 
sortie  with  a  few  accidents  occurring 
very  early  in  the  sortie  but  most  occur¬ 
ring  late  ,  perhaps  supporting  the 
postulated  role  of  fatigue  in  the  causa¬ 
tion  of  GLOC  accidents.  Factors  such  as 
day  of  the  week,  age,  height,  weight, 
diastolic  blood  pressure,  heart  rate, 
eating  habits,  and  exercise  were  not 
appreciably  different  among  the  mishap 
pilots  than  among  their  peers.  Thus, 
the  mishap  pilots  appeared  to  be  a 
representative  cross-section  of  USAP 
pilots  with  respect  to  these  variables. 
Lack  of  flying  experience  in  the  as¬ 
signed  aircraft  was  significantly  asso¬ 
ciated  with  GLOC  accidents. 

The  significant  association  found 
in  this  study  between  systolic  blood 
pressure  and  GLOC  accident  is  unex¬ 


plained.  The  direction  of  the  associa¬ 
tion  with  the  accident  pilots  having 
higher  systolic  blood  pressures  than  the 
controls  is  opposite  to  that  found  by 
previous  studies  (8,9,10).  One  possible 
explanation  is  that  the  association 
occurred  by  chance  and,  in  a  study 
making  multiple  comparisons,  this  expla¬ 
nation  cannot  be  discounted.  A  second 
explanation  is  that  some  as  yet  uniden¬ 
tified  factor  has  caused  this  associa¬ 
tion;  for  example,  a  personal  character¬ 
istic  associated  with  both  high  systolic 
blood  pressure  and  GLOC  accident  prone- 
ness. 

Normative  data  for  age,  height, 
weight,  systolic  blood  pressure,  dias¬ 
tolic  blood  pressure,  and  flying  experi¬ 
ence  were  based  on  large,  representative 
samples  of  USAP  fast  jet  pilots.  Howev¬ 
er,  normative  data  for  some  cofactors 
were  limited.  Data  for  the  duration  and 
magnitude  of  peaks  above  4-5  Gz  were 
obtained  from  34  sorties  in  the  P-16 
only.  Normative  data  for  exercise  habits 
were  obtained  from  107  pilots  at  a 
single  air  base  and  data  for  eating 
habits  from  only  267  pilots.  In  addi¬ 
tion,  the  normative  data  on  missed 
breakfast  do  not  refer  specifically  to  a 
day  when  high  G  exposure  was  planned; 
perhaps  pilots  tend  to  eat  a  better 
breakfast  on  a  morning  when  a  high  G 
mission  is  to  be  flown. 

Data  on  the  18  GLOC  pilots  are 
very  accurate  for  age,  height,  weight, 
and  flying  experience.  Data  on  G  magni¬ 
tude  and  duration  are  estimates  made  by 
the  accident  board.  Systolic  blood 
pressure,  diastolic  blood  pressure,  and 
heart  rate  were  based  on  a  single  read¬ 
ing  (sitting  position)  obtained  at  the 
last  physical  examination.  Data  on 
eating  and  exercise  habits  were  often 
deductive  as  most  of  the  GLOC  pilots 
were  fatally  injured.  The  major  limita¬ 
tion  of  this  study  was  the  small  site  of 
the  affected  population:  a  fact  which  in 
itself  of  importance  considering  the 
emphasis  placed  on  GLOC  as  a  problem  in 
military  aviation.  Some  cofactors  such 
as  age,  height,  exercise  habits,  and 
total  flying  time  showed  a  non-signlfi- 
cant  association  in  the  direction  indi¬ 
cated  by  previous  studies.  The  small 
sample  size  of  this  study  might  have 
resulted  in  failure  to  demonstrate  the 
role  of  some  possibly  significant  cofac¬ 
tors. 

Nevertheless  ,  on  the  basis  of 
these  cofactor  findings,  it  is  strongly 
recommended  that  efforts  to  screen 
pilots  for  potential  G  tolerance  on  the 
basis  of  personal  and  anthropometric 
variables  be  discontinued.  Attention  is 
better  focused  on  cockpit  design  (e.g., 
slant  seat),  protective  equipment  (e.g., 
G-trouser,  anti-G  valve,  etc),  and  the 
magnitude  and  duration  of  G  exposure. 
All  pilots  selected  for  training  into 
fast  jets  should  continue  to  undergo 
intensive  training  on  the  human  centri¬ 
fuge  early  in  their  training. 


Finally#  a  n\ajor  strength  of  this 
study  4as  probably  the  validity  obtained 
by  directly  addressing  the  outcome  of 
primary  interest  —  GLOC  accidents  in 
military  aircraft.  A  larger  study  of 
centrifuge  subjects  or  inflight  GLOC 
physiologic  mishaps  wfould  probably 
elucidate  cofactors  associated  wiith  G 
tolerance  or  GLOC.  Centrifuge  studies# 
however,  do  not  address  the  multifacto- 
rial  nature  of  the  inflight  GLOC  prob¬ 
lem.  And  it  must  be  remembered  that  an 
inflight  GLOC  physiologic  mishap  is 
clearly  a  different  phenomenon  from  a 
GLOC  accident.  According  to  the  OSAP 
Inspection  and  Safety  Center#  of  3S1 
GLOC  physiologic  mishaps  (1975-1990)# 
313  (89%)  occurred  in  the  T-37  (primary 
jet  trainer  not  equipped  with  G- 
trousers),  13  (4%)  in  the  P-15#  and  12 
(3%)  in  the  P-16,  i^ereas  only  2  (11%) 
of  the  actual  accidents  have  occurred  in 
the  T-37#  2  (11%)  in  the  F-15#  and  7 
(39%)  in  the  P-16. 
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TABLB  I.  U.S.  AIR  PORCfi  ACCIOBUTS  APPRIB0T2D  TO  G-IN0UC20  LOSS  OP  CONSCIOUSNESS: 
1982-1990 


#  GLOC 
ACCIOSNT3 

AIRCRAFT 

rypES 

TOTAL  FLEET 
SINGLE-SEAT 

RATE  PER  MILLION 
PLIfING  HOURS 

1982 

2 

(F-5E,  ^-378) 

787,527 

2.6 

1983 

3 

(F-16A,  F-16A,  P106A) 

846,846 

3.5 

1984 

5 

(A-10A,P-16A,  A-lOA,  P-5E,  P-16A) 

887,995 

5.6 

PERIOD 

I  TOTAL 

(1982-1984):  10 

2,502,368 

4.0^ 

1985 

1 

(P-16A) 

944,166 

1  .1 

1986 

1 

(OA-378) 

934,907 

1  .1 

1987 

Q 

990,026 

0 

1988 

4 

(P-16A,F-16C,  T-378,  A-70) 

976,395 

4.1 

1989 

1 

(F-1 58) 

1,137,654 

0.9 

1990 

1 

(P-15C) 

1,001 ,561 

1 .0 

PERIOD 

II  TOTAL 

(1985-1990):  8 

5,984,709 

1  .3^ 

•One  sTded^blnoirilal^  probabYllty^'oC  thTs*  decrease  ”l.n~  ratV  from  PERIOD  to  PBRI0D”II 
occurring  by  chance*. 019 


TABLB  11. 

GLOC  MISHAPS  85f 

DAY  OP  rae 

WEEK  AND 

SEASON  OP  THE 

YEAR  OP  OCCURRENCE. 

Winter 

Spring 

Summe  r 

Autumn 

Total 

Monday 

0 

1 

2 

0 

3 

Tuesday 

0 

0 

2 

1 

3 

Wednesday 

3 

0 

0 

1 

4 

Thursday 

2 

0 

3 

0 

5 

Friday 

1 

0 

1 

0 

2 

Saturday 

1 

0 

0 

0 

1 

Total 

7* 

!• 

8* 

2* 

18 

•Chi-square  rest  »rfith  three  degrees  of  freedom  comparing  seasonal  distribution,  p<.05 


TABLB  III.  PEAR  G  LEVELS  IN  14  GL9C  ACCIDENTS  INVOLVING  PILOTS  NEARIN3  G-TROUSERS. 
PEAK  G  LEVEL  IN  BRCUSIONS  ABOVE  *SGz  POR  NORMAL  P>16  OPERATIONS  ARB  SHOWN  POR  COMPARI¬ 
SON. 


Column  1 


Column  2 


Column  3 


Peak  G  Level  %  (I)  GLOC 

Accidents* 


%  (#)  P-16  %  of  Peaks  above  *^53Z 

GLOC  Accidents  in  normal  P-16  operations 


>5<6 

14% 

(2) 

0 

58% 

>6<7 

29i 

(41 

141 

(1) 

22% 

>7<8 

21% 

(3) 

29% 

(2) 

16% 

>8 

36% 

(5) 

57% 

(4) 

4% 

Chi-square  test  with  3  degrees  of  freedom  comparing  Column  1  and  Column  3,  p<,001 


TABLE  IV.  DURATION  OP  EXPOSURE  ABOVE  5  +G2  IN  12  GLOC  ACCIDENTS  INVOLVING  PILOTS 
WEARING  G-TROUSBRS.  DURATION  OP  EXPOSURE  ABOVE  4-5  Gz  POR  NORMAL  P-16  OPERATIONS  ARE 
SHOWN  FOR  COMPARISON. 


Time  Above 
•*-5Gz  (sec) 

Column  1 

%  GLOC 
Accidents* 

Column  2 

%  P-16  GLOC 
Accidents 

Column  ^ 

%  of  Peaks  above  4-SGz 
in  normal  F-16  operations 

<5 

2  (17%) 

1  (17%) 

87% 

>5<10 

7  (58%) 

3  (50%) 

11% 

>10 

3  (25%) 

2  (33%) 

2% 

Chi-square  test  with  2  degrees  of  freedom  comparing  Column  1  and  Column  3,  p<.001 
*  Data  incomplete  on  duration  of  3  exposure  for  2  of  the  14  mishaps 


TABLE  V.  ANTHROPOMETRIC  AND  VITAL  SIGNS  DATA  POR  THE  10  GLOC  ACCIDENT  PILOTS  COMPARED 
TO  1,216  TAC  PILOTS  TRAINED  ON  THE  0SAP3AM  CENTRIFUGE  JAN  1985-MAf  1908, 


GLOC  Pilots 
(mean) 

Centrifuge  Pilots 
(mean) 

p  value 

Age  (years) 

29.7 

31  ,0 

N.3. 

Height  (cm) 

130.2 

178.3 

N.3. 

Weight  (kg) 

79.1 

78.3 

N.S. 

Systolic  BP  (amHg) 

122 

116 

0.005 

Diastolic  BP  (mmHg) 

74 

74 

N.S. 

Heart  rate  (bpm) 

65 

63 

N.S. 

*  Heart  rate  data  were  not  routinely  collected  on  centrifuge  subjects.  This  estimate 
was  based  on  a  sub-sample  of  37  of  the  USAPSA4  centrifuge  subjects  under  age  27.5 
years-old  for  whom  BCGs  were  on  file. 
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TABLE  VI.  A3E  AND  PLYING  HOUR  DAPA  POR  THE  16  NON-STUOENP  GLOC  ACCIDENT  PILOTS  COM¬ 
PARED  TO  3,491  TAG  PILOTS  ^ITH  RECENT  PLYING  TIME  IN  SINGLE  SEAT  AIRCRAFT  AS  OF  JAN 
1985  PER  MPC  DATABASE. 


GLOC  Pilots  TAC  Pilots  p  value 

(mean)  (Dean) 


Age  (years) 

Total  Plying  Time  (hours) 
Aircraft  Specific  Plying  Time 


30.4  32.6  N.S. 

1,554.8  1,929.9  N.S. 

336.9  548.9  p<.05 


TABLB  VII.  MISSED  MEALS  AND  B^CERCISE  HABITS  FOR  THE  18  GLOC  ACCIDENT  PILOTS  COMPARED 
TO  AVAILABLE  SURVEY  DATA  ON  U3AP  TACTICAL  PILOTS. 


GLC^  Pilots*  Survey  Data  p  value 


Missed  Breakfast 

4/16*  (25%) 

107/267 

(40%) 

N.S 

Lift  Weights 

8/15*  (53%) 

78/107 

(74%) 

N.S 

Run  or  Jog 

10/15*  (67%) 

61/107 

(57%) 

N.S 

*Oata  incomplete  on  aome  of  the  18  GLOC  accident  pilots. 


TABLB  VIll.  RETROSPECTIVE  ANALYSIS  COMPARING  THE  PROPORTION  OF  3L0C  ACCIDENT  PILOTS 
IDENTIFIED  BY  TAC  SCREENING  PARAMETERS  TO  THE  PROPORTION  OF  TAC  PILOTS  IDENTIFIED  BY 
THE  SAMS  CRITERIA. 


Paramo  ter 

Proportion 

Meeting  Criteria 

Odds 

_  Ratio 

p  value 

16  GLOC  pilots 

Comparison  Group 

Beight>72  inches  (and  slender)* 
and  Systolic  3P<110 

3/16  (19%) 

395/1,216+  (32%) 

.48 

N.S. 

Heart  rate<60 

2/16  (13%) 

12/37  (32%) 

.39 

N.S. 

Total  Plying  Tine  <500  hours 

4/16  (25%) 

344/3,147*  (11%) 

3,0 

N.S. 

*  Slender  defined  in  this  analysis  as  less  than  "desired  weight*  in  OSAP  Table:  185 
pounds  for  >72  incher,  190  pounds  for  >73  in,  or  196  pounds  for  >74  inches. 

+  USAPSAM  Centrifuge  subjects  (see  TABLB  V) 

8  TAC  Pilots  in  MPC  database  (see  TABLB  VI) 


PULMONARY  EFFECTS  OF  HICH-C  AND  POSITIVE  PRESSURE  BREATHING 
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INTRODUCTION 

Since  positive  pressure  breathing  (PPB)  can 
provoke  syncope  even  at  Ig,  its  use  to  support  the 
circulation  and  prevent  C-induced  loss  of  con¬ 
sciousness  (G-LOC)  appears  somewhat  of  a  paradox. 
Furthermore,  when  right  heart  pressures  are 
normally  only  a  few  mmHg,  an  alveolar  pressure  of 
65  mmHg  produced  by  PPB  appears  alarming,  and 
concern  has  been  expressed  as  to  the  advisability 
of  using  pressure  breathing  as  a  means  for 
enhancing  G  protection  (Jennings  and  Zanetti, 
1988).  This  paper  examines  the  effects  of 
acceleration  and  pressure  breathing  on  the 
circulation,  part icu-larly  within  the  lungs,  and 
concludes  that  when  one  considers  pressure 
differentials  across  the  walls  of  the  major 
vessels  and  heart  chambers,  these  concerns  are 
largely  unjustified. 

PULMONARY  PERFUSION 

The  influence  of  gravity  on  blood  flow  within  the 
lung  was  clarified  in  studies  by  West  and  his 
colleagues  at  the  Hammersmith  Hospital  (Dollery, 
Naimark  and  West,  1963),  who  used  radioactive 
tracers  to  map  out  the  vertical  distribution  of 
flow  per  unit  lung  volume.  West  defined  three 
zones  (to  which  a  fourth  was  subsequently  added) 
dependent  upon  arterial  and  venous  pressures  at 
each  level  relative  to  alveolar  gas  pressure  (Pig. 
1).  This  model  was  then  applied  to  the  effects 
of  increased  acceleration  and  validated  in  studies 
on  huma  itrifuge  subjects  using  radioactive 
xenon  tec  ,ues  (Claister,  1970). 

In  zone  1,  the  hydrostatic  pressure  gradient 
reduces  pulmonary  arterial  pressure  to  below 
alveolar  pressure,  the  thin  walled  capillaries 
collapse  and  flow  becomes  zero.  This  zone  is 
small  and  restricted  to  the  extreme  apex  of  the 
lung  at  Ig,  but  rapidly  expands  to  occupy  half  the 
total  lung  volume  at  an  acceleration  as  little  as 


In  zone  2,  arterial  pressure  exceeds  alveolar 
pressure  so  that  the  arterial  ends  of  the 
pulmonary  capillaries  are  forced  open,  but  venous 
pressure  is  still  below  alveolar  pressure  and  the 
venous  ends  of  the  capillaries  tend  to  close. 
Flow  is  then  controlled  by  the  arterio-alveolar 
pressure  difference  (the  so-called  ’water-fall' 
effect).  Due  to  the  hydro-static  pressure 
gradient  down  the  arteries  of  zone  2,  and  its  lack 
in  the  alveolar  gas,  flow  increases  with  distance 
down  the  zone  and  its  rate  of  increase  is 
proportional  to  the  level  of  acceleration  applied. 

In  zone  3,  venous  as  well  as  arterial  pressures 
exceed  alveolar  pressure  and  the  capillaries  are 
fully  open.  However,  while  the  arterio-venous 
pressure  difference  which  determines  flow  stays 
constant  down  the  zone,  flow  nevertheless 
increases  due  to  passive  distension  (and  lower 
resistance  to  flow)  of  the  capillaries,  and  to  the 
opening  up  of  capillaries  having  higher  critical 
closing  pressures  as  hydrostatic  pressures  rise 
(capillary  recruitment).  Indeed,  the  retc  of 
increase  in  flow  with  distance  down  zone  3  may  be 
indistinguishable  from  that  down  zone  2  (Claister, 
1970). 


Fig.  1.  West's  3-zone  aodel  for  pulaonery  blood 
flow  distribution.  The  sloping  pressure  lines  of 
the  centre!  penel  refer  to  pulnonery  venous  end 
erteriel  pressures  respectively.  Zone  1,  erceriel 
pressure  less  then  zero  (elveoler  pressure);  zone 
2.  erteriel  pressure  >  zero  >  venous  pressure;  end 
zone  3,  erteriel  pressure  >  venous  pressure  > 
zero. 


PULMONARY  VENTILATION 

The  idea  that  lung  tissue  would  distort  under  its 
own  weight  to  create  a  gradient  in  alveolar  size 
was  proposed  by  Milic-Emili  (Kaneko  et  al,  1966) 
and  confirmed  by  freezing  dog  lungs  intact  on  the 
fAK  centrifuge  (Glazier  et  al,  1967).  Lung 

mechanics  predict  that  a  gradient  in  alveolar  size 
will  produce  a  gradient  in  ventilation,  since 
alveolar  stiffness  varies  non-linearly  with  volume 
according  to  the  lung's  overall  pressure-volume 
curve.  At  5G,  the  lung  has  a  weight  of  five  tines 
normal  and  this  produces  a  gradient  in 
transpulmonary  pressure  of  about  1  dPa/cm, 
sufficient  to  ensure  that  alveoli  at  the  lung  apex 
are  fully  distended,  while  alveoli  at  the  base 
remain  at  their  minimal  lung  volume.  Complete 
emptying  of  these  alveoli  is  precluded  by  airway 
(terminal  bronchioles)  closure  and  the  overall 
range  in  volume  is  about  5  to  1.  As  illustrated 
in  figure  2,  this  leads  to  a  pattern  of 
ventilation  which  mirrors  the  slope  of  the 
pressure-volume  curve  for  each  level  of  inflation 
from  low  at  the  apex  where  alveoli  are 
relatively  stiff,  then  increasing  down  the  lung  as 
alveoli  become  smaller  and  more  compliant,  only  to 
fall  off  to  zero  near  the -base  where  the  toe  of 
the  pressure-volume  curve  represents  airway 
closure  (Claister  et  al,  1973). 

VEMTILATIQM/PERFUSIQN  RATIO 

The  effectiveness  of  pulmonary  gas  exchange 
depends  upon  the  balance  between  ventilation  and 
perfusion  throughout  the  lung,  as  normally 
expressed  by  the  ventilation/perfusion  ration, 
V/Q.  (A  value  of  unity  indicates  that  a  given 
region  receives  identical  fractions  of  the  total 
alveolar  ventilation  and  total  pulmonary 
perfusion).  Pertinent  to  the  present  discussion 
is  that  acceleration  leads  to  an  increasing 
mismatch  down  tha  lung.  Thus,  while  the  lung  epex 
is  ventilated,  though  to  a  reduced  extent,  its 
perfusion  is  zero  and  its  V/Q  ratio  becomes 
infinitely  large,  adding  to  the  total  deadtpace  of 
the  respiratory  system.  At  the  lung  base,  in 
contrast,  perfusion  is  greater  than  normal,  but 


6-2 


Fig.  2.  Thfl  preasur«*voluM  curve  for  *  huoun 
lung  ac  in  vhich,  aC  the  sa«a  overall  lung 

voluee:  alveoli  ac  the  apex  are  diacended,  stiff 
and  poorly  ventilated;  alveoli  lo  the  aid-lung  are 
coapliant  and  well  ventilated;  and  alveoli  at  the 
bate  are  shrunk  to  thetr  ainiaal  voluae  with 
closed  airways  and  aero  ventilation.  Alveolar 
voluaes  are  expressed  as  percent  regional  total 
lung  capacity  (TLC^)  and  ventilatioa  (right  hand 
plot)  as  regional  voluae  change  (r/\V)  percent 
TLC,. 


When  alveolar  gas  is  trapped  by  closure  oi 
terminal  bronchioles,  equilibrium  in  O2  and  CO2 
tensions  between  gas  and  venous  blood  will  occur 
as  described  above.  Normally  this  will  leave  the 
poorly  soluble  nitrogen  fraction  unaffected  and 
the  alveolar  volume  will  remain  virtually  constant 
as  carbon  dioxide  exchanges  for  oxygen.  Vhen 
lOOZ  oxygen  has  been  breathed,  however,  equili¬ 
brium  is  only  achieved  following  complete  absorp¬ 
tion  of  the  trapped  gas,  a  process  which  may  be 
completed  within  30  sec  or  so  (Glaister,  1970). 
This  leads  to  the  condition  known  as  acceleration 
atelectasis  in  which  the  collapse  persists  follow¬ 
ing  return  to  Ig  due  to  surface  tension  effects, 
and  produces  symptoms  of  retrosternal  discomfort, 
a  tendency  to  cough,  and  difficulty  in  taking  a 
deep  breath  (an  inspiratory  ‘catch’).  Further¬ 
more,  the  right-to-left  shunt  will  persist  until 
resolution  of  the  condition  which,  in  the  absence 
of  a  conscious  effort  to  inflate  the  lungs,  may 
take  many  hours. 


ventilation  falls  to  sero  as  airways  close  and  the 
V/Q  ratio  also  becomes  zero.  Once  equilibrium 
between  the  venous  blood  and  trapped  alveolar  gas 
has  been  achieved,  a  matter  of  seconds,  further 
gas  exchange  ceases  and  the  region  constitutes  a 
right-to-left  shunt  with  venous  admixture  of 
arterial  blood  and  a  consequent  fall  in  systemic 
arterial  oxygen  saturation.  This  may  have  little 
relevance  to  the  subject's  relaxed  C  tolerance 
which  is  primarily  dependent  upon  blood  flow  to 
the  brain,  but  when  considering  duration  tolerance 
to  a  simulated  air  combat  manoeuvre  (S^H)  in 
which  fatigue  becomes  a  significant  endpoint,  a 
..eduction  in  oxygen  supply  to  contracting  muscles 
must  contribute  to  a  degradation  in  performance. 


In  practice,  the  situation  is  partly  corrected  by 
the  appearance  of  zone  4  in  the  lowermost  lung  in 
which  airways  have  closed  (Fig.  3).  Here,  blood 
flow  is  actually  less  than  predicted  by  the  simple 
hydrostatic  model,  due  either  to  a  reflex 
vasoconstrictory  response  to  changing  alveolar  gas 
tensions,  or  because  airway  closure  allows 
alveolar  gas  pressure  to  rise  and  so  to  counteract 
the  rising  hydrostatic  pressures.  Nevertheless, 
centri-fuge  experiments  have  demonstrated  right- 
to-left  shunts  as  great  as  SOX  of  the  cardiac 
output  in  subjects  exposed  to  accelerations  of  up 
to  7G  (Glaister,  1970). 


cm 


mmHf 


Fig.  3.  As  for  figure  1,  but  calculacae  for  so 
■ccolsration  of  *30^.  Koea  th«  sppsarsneo  of  s 
son*  A  in  which  airway  closure  causes,  or  is 
ssseeistad  with,  s  reduction  in  blood  flow. 


Fig.  4.  The  effect  of  accelerscien  00  tidal 
voluM  (TV),  functional  residual,  capacity  (PkC) 
and  closing  capacity  (CC),  all  expressed  percent 
total  lung  capacity  (TLC).  Airways  will  start  to 
close  at  end-axpiratioD  at  point  A,  and  will 
renain  closed  ebrougbout  tidal  breathing  fron 
point  B. 


The  appearance  of  a  zone  4  is  dependent  upon  the 
lung  volume  at  which  the  subject  is  breathing  - 
i.e.,  the  functional  residual  capacity  (FRC).  For 
example,  if  the  lung  is  hyperinf lated,  all  alveoli 
will  increase  in  volume  and  closure  of  airways  may 
either  be  prevented,  or  will  only  occur  at  a 
higher  level  of  acceleration.  The  absolute  lung 
volume  at  which  airway  closure  can  first  be 
detected  (the  closing  capacity,  CC)  is  increased 
by  acceleration  as  indicated  in  figure  4.  At  Ig, 
Che  subject  will  normally  be  breathing  at  a  lung 
volume  greater  than  his  closing  capacity,  but  as 
acceleration  causes  his  closing  capacity  to 
increase,  and  the  inflating  anCi-C  trousers  raise 
his  diaphragm  and  reduce  his  FRC,  points  are 
reached  at  which  airways  start  to  close  at  Che  end 
of  each  expiration  (figure  4,  arrow  A),  and  then 
remain  closed  throughout  the  respiratory  cycle 
(arrow  B).  From  this  latter  point  on,  increasing 
numbers  of  airways  will  close  and  right-co-lef c 
shunting  will  develop  progressively,  with 
atelectasis  if  lOOZ  oxygen  had  been  breathed  prior 
to  closure.  An  increase  in  FRC,  therefore,  from 
whatever  cause,  will  delay  the  onset  and  reduce 
the  extent  of  closure,  shunting  and  potential 
atelectasis. 
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POSITIVE  PRESSURE  BREATHIHG 

The  administration  of  oxygen  under  pressure 
through  an  aircrew  mask  is  standard  practice  for 
protection  against  hypoxia  in  the  event  of  loss  ot 
cabin  pressur i sat i on  at  altitudes  above  40,000  ft. 
However,  positive  pressure  breathing  (PPB)  has 
several  undesirable  effects  on  the  respiratory  and 
cardiovascular  systems  which  limit  the  usable 
pressure  and  length  of  time  for  which  it  can  be 
applied.  The  unsupported  lung  is  fully  inflated 
Ly  an  airway  pressure  of  2.7  kPa  (figure  2  )  and 
will  rupture  if  inflated  to  a  pressure  greater 
than  5-6  kPa,  though  the  mechanics  of  the  thoracic 
wall  protect  it  up  to  10-11  kPa  and  active 
contraction  of  expiratory  muscles  to  even  greater 
pressures.  Overdistension  of  Che  lungs  can  be 
prevented,  or  at  least  contained,  by  training,  but 
at  a  pressure  of  5  kPa,  the  FRC  is  greatly 
increased,  expiration  becomes  active  and  tiring, 
and  tidal  volume  increases  with  a  consequent 
increase  in  ventilation  and  fall  in  arterial  CO2 
tension  (hyperventilation). 

On  the  cardiovascular  side,  an  increase  in 
i nc rathorac i c  pressure  is  transmitted  directly  to 
the  mediastinal  and  pulmonary  vasculature  with  a 
comparable  increase  in  central  venous,  cardiac  and 
aortic  pressures  (Ernsting,  1966).  Blood  is 
displaced  from  the  thorax  and  cardiac  output  falls 
due  to  impeded  venous  return.  Continuing  arterial 
inflow  causes  peripheral  venous  pressures  to  rise 
with  pooling  and  loss  in  circulating  blood  volume 
and,  if  maintained,  transudation  of  fluid  into  the 
tissues  and  a  further  loss  in  blood  volume. 

Breathing  at  a  positive  pressure  of  4  kPa  for  10 
mm  causes  a  decrease  in  the  effective  blood 
volume  of  400-500  ml,  but  cardiac  output  is 
usually  maintained  at  around  70Z  of  normal. 
Continuation  of  PPB,  or  breathing  at  higher 
pressures,  can  lead  to  a  developing  Cachycardi^, 
lo'is  of  arteriolar  tone  and  eventual  syncope. 

In  order  to  minimise  these  potentially  harmful 
physiological  effects  of  PPB,  counterpressure 
garments  are  used  to  support  the  chest,  abdomen 
and  limbs.  The  combination  of  oronasal  mask, 
partial  pressure  jerkin  and  G-trousers  allows  9-10 
kPa  to  be  tolerated,  but  at  higher  pressures  head 
and  neck  discomfort  occurs,  and  air  may  be  forced 
through  Che  lachrymal  duct  and  eustachian  cubes. 
At  pressures  greater  chat  13  kPa  a  full  pressure 
suit  must  be  worn,  but  with  such  a  suit  the  sky 
(or  ocean  bed!)  is  the  limit,  hydrostatic  pressure 
per  se  having  virtually  no  effect  on  the  body's 
physiology. 

The  rise  in  systemic  arterial  pressure  produced  by 
PI'B  also  depends  upon  the  extent  of  coverage  of 
the  counterpressure  garments  used.  As  illustrated 
in  figure  5  (from  Ernsting,  1966),  PPB  without 
counterpressure  produces  an  increase  equal  to  only 
502  or  so  of  the  applied  breathing  pressure,  while 
with  trunk  and  lower  limb  counterpressure  Che 
increase  exceeds  1002.  To  account  for  this  latter 
phenomenon  one  needs  to  consider  the  role  of 
central  blood  volu.me  receptors  and  the  baro- 
receptors,  both  intrathoracic  and  those  in  the 
carotid  sinus.  The  baroreceptors  are  sensitive  to 
transmural  tension  (stretch  of  the  vessel  wall) 
and  the  carotid  sinus  baroreceptor  will  detect  the 
rise  in  systemic  pressure  and  promote  a  reflex 
vasodilation  and  bradycardia.  However,  since 
pressure  rises  are  comparable  both  inside  and 
outside  the  aorta,  the  output  from  these  receptors 
Will  remain  constant  and  conflict  with  the  .a.otid 
sinus  signals,  so  permitting  some  overall  rise  in 
systemic  pressure.  Ernsting  (1966)  has  also  shown 
that  positive  pressure  breathing  produces  a  peri¬ 
pheral  arteriolar  vasoconstriction  which  is  itself 
enhanced  by  trunk  counterpressure,  a  possible 


Poiitiv*  BfAtthing  Pr«*siHe  (mmHQ) 


Fig.  5.  The  effect  of  breeching  pressure  on  seen 
arteriel  pressure  for  voluncery  huaien  exposures  to 
FFB  using  differing  extents  of  counterpressure 
coverage.  The  line  of  identity  is  indicated 
(Redrawn  from  Ernsting,  1966). 


mechanism  being  stimulation  of  low  pressure 
receptors  in  the  intrathoraic  vasculature.  It  may 
also  be  noted  from  figure  5  that  voluntary 
exposures  to  PPB  at  16  kPa  were  made  using  trunk 
counterpressure  alone,  without  ill  effects. 

PRESSURE  BREATHlljC-EQa  C  PROTECTION 

As  discussed  above,  PPB  causes  an  increase  in 
systemic  arterial  pressure,  and  so  may  be  used  to 
replace,  or  lessen  the  need  for,  an  active 
straining  manoeuvre  to  increase  C  tolerance.  PPB 
was  first  used  on  the  centrifuge  at  the  lAM  to 
assist  the  breathing  of  subjects  exposed  to  G 
vectors  intermediate  between  +0^  and  in 

studies  on  G  tolerance  using  reclined  seats.  A 
breathing  pressure  of  0.7  kPa  per  G  balanced  the 
increase  weight  of  the  anterior  chest  wall,  so 
assisting  inspiration  and  restoring  the  FRC 
towards  its  normal  Ig  value  (Glaister  and  Lisher, 
1976).  It  was  noted  that  this  level  of  PPB  also 

gave  a  very  significant  increase  in  greyouc 

threshold  and  an  extension  of  the  studies  to  a 
conventional  seat  confirmed  a  close  to  ^IG^ 
improvement.  The  increase  in  FRC  produced  by 

pressure  breathing  for  G  protection  (PBG)  was 
considered  advantageous  in  that  it  would 
theoretically  reduce  right-to-left  shunting  and 
suscept i-bi I ity  to  atelectasis  (Fig  4).  However, 
this  prediction  was  not  supported  by  ear  oximetry 
on  the  centrifuge  and  aircrew  preferred  the  use  of 
chest  counterpressure  in  flight  trials  of  PBG 
(Harding  and  Cresswell,  1987),  presumably  due  to 
the  greater  increase  in  systemic  arterial  pressure 
so  provoked.  No  deliberate  studies  on  PBG  have 
been  carried  out  without  lower  limb  counter- 
pressure,  but  inadvertent  loss  of  pressure  in 
prototype  full  coverage  anti-G  trousers  led  to  the 
expected  very  rapid  onset  of  G-induced  loss  of 
consciousness  (C-U)C).  Pressure  breathing  for  G 
protection  (PBG)  must,  therefore,  be  regarded  as  a 
system  which  includes  mandatory  lower  limb 
counterpressure  with  chest  counterpressure  as  an 
additional  option. 
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Figure  3  indicates  n  IIOZ  transfer  of  pressure 
from  airways  to  arteries  so  that,  assuming  a  22 
mmHg  per  C  pressure  drop  from  heart  to  head  level, 
PPB  at  60  mmHg  should  produce  a  3G  improvement  in 
tolerance,  providing  that  trunk  and  lower  limb 
counterpressure  is  effective.  In  fact,  the  hydro-' 
static  fall  in  pressure  at  neck  level  should 
negate  even  the  carotid  baroreceptor ' s  influence 
in  preventing  the  'hypertensive'  effect  of  PPB  and 
an  even  greater  increase  in  tolerance  night  be 
expected.  Pull  coverage  anti~G  trousers  (FACT) 
have  been  shown  superior  to  the  in-service  cutaway 
garment  (AGS),  particularly  when  combined  with 
PBG  both  in  terms  of  greyout  tolerance  (Prior, 
1990),  and  in  maintaining  eye  level  blood  pressure 
(Figure  6).  However,  the  transfer  efficiency  of 
PPB  in  terms  of  increase  in  eye  level  blood 
pressure  per  increase  in  breathing  pressure  was 
still  only  of  the  order  of  702  (Prior,  1989),  so 
there  remains  further  potential  for  improvement. 


ELBP  CHANGE  (mmHg) 


ACCELERATION  (G) 


Fig.  6.  The  effect  of  ♦C  ecceleration  on  eye 
level  blood  pressure  (ELBPf  as  cneasured  using  a 
Finapres  wich  hydrostatic  correction  (Prior, 
1989).  Full  coverage  antv-C  trousers  (FACT) 
prevent  as  great  a  fall  in  pressure  as  a  standard 
anti-G  suit  (ACS),  particularly  when  combined  with 
pressure  breathing  (PBC). 
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Returning  to  the  theoretical  harmful  effects  of 
PBC  at,  say,  65  mmHg,  it  is  clear  that,  providing 
chest  counterpressui  e  is  used  to  prevent  over- 
distension  of  the  lungs,  and  sufficient  counter¬ 
pressure  is  applied  elsewhere  to  limit  venous 
pooling  and  to  allow  venous  pressures  (both  intra- 
and  extra-thoracic)  to  rise  pari-passu  with  airway 
pressures,  then  transmural  pressure  gradients 
throughout  the  circulation  will  be  close  to  normal 
values.  The  vasculature  above  heart  level  will  be 
protected  by  hydrostatic  pressure  falls  with 
pressures  at  head  level  remaining  below  normal, 
and  the  only  problem  area  would  be  the  arms  if 
allowed  to  lie  at  or  below  heart  level,  though 
even  here  normality  could  be  regained  by 
additional  counterpresssure  if  required.  While 
few  studies  have  been  carried  out,  Ernsting  (1966) 
found  that  central  venous  pressures,  when 
referenced  to  airway  pressure,  were  slightly 
reduced  by  PPB,  so  cardiac  dynamics  should  ba 
virtuslly  unaffected. 
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SUMMARY 

Positive  pressure  breathing  during  +Gz  (PBG) 
and  anti-G  straining  maneuvers  (AGSM)  each 
improve  4Gz  tolerance  by  increasing  blood  pressure 
through  increases  in  intra-thoracic  pressure,  but  the 
maximal  intra-thoracic  pressure  from  their 
combined  effect  is  not  known.  Six  subjects 
performed:  (i)  maximal  AGSM  at  +lGz;  (ii)  assisted 
PBG  (constant  60  mm  Hg)  at  -fGz  ;  (iii)  submaximal 
AGSM  at  -fGz  (enough  to  maintain  peripheral 
vision);  (iv)  maximal  AGSM  at  -fGz;  and  (v) 
combined  PBG  and  maximal  AGSM  at  -fGz.  They 
wore:  TLSS  mask/helmet  ensemble,  CSU-15/P  G- 
suit,  and  TLSS-style  jerkin.  Intra-thoracic  pressure 
was  measured  wi^  a  catheter  tip  pressure  transducer 
in  the  esophagus  (Pes).  Gastric  pressure  was  also 
measured  (Pga).  For  both  Pes  and  Pga,  there  were 
no  significant  differences  among  experimental 
conditions  (i),  (iv)  and  (v).  Group  mean  Pes  and 
Pga  in  these  3  conditions  were  139  and  197  mm  Hg, 
respectively.  The  similar  results  between  maximal 
AGSM,  and  maximal  AGSM  and  PBG  are  explained 
by:  (i)  limited  support  from  the  thoracic  counter¬ 
pressure  garment,  and  (ii)  the  characteristics  of  the 
respiratory  system. 

INTRODUCTION 

Exposure  to  sustained,  headward  acceleration 
(-fGz)  decreases  arterial  blood  pressure  at  head  level 
by  approximately  22  mm  Hg  per  unit  -fGz  increase 
in  upright  man.  Near  -f5  Gz,  compromised  cerebral 
perhision  produces  unconsciousness.  -fGz  tolerance 
can  be  improved  by  increasing  blood  pressure. 
Increases  in  intra-dioracic  pressure  act  directly  on 
the  heart  and  great  vessels  producing  an  almost  one- 
for-one  increase  in  blood  pressure.  (Intra-dioracic 
pressure  is  loosely  defined  as  the  pressure  around 
the  heart,  i.e.  intra-pleural  pressure.)  An  anti-G 
straining  maneuver  (AGSM),  a  vigorous  expiratory 
effort  against  a  closed  or  partially-open  glottis 
coupled  with  peripheral  skeletal  muscle  tensing,  can 
increase  intra-thoracic  pressure  up  to  t(X)  mm  Hg. 
When  combined  with  a  pressurized  anti-G  suit. 
AGSM  can  increase  -fGz-intensity  tolerance  up  to 
the  level  of  -f 8-9  Oz. 

Performing  AGSMs  requires  concentration 


and  is  physically  demanding.  By  increasing  intra- 
thoracic  pressure  with  positive  pressure  breathing 
using  a  breathing  regulator,  the  requirement  for 
AGSM  is  reduced.  The  maximal  pressure  delivered 
by  pressure  breathing  during  -fGz  (PBG)  systems 
such  as  the  USAF’s  Combat  Edge,  is  currently  set  at 
60  mm  Hg.  This  pressure  should  increase  -fGz- 
intensity  tolerance  by  approximately  -f2.S  Gz 
producing  a  -f7-8  Gz  protection  system.  If  pilots 
are  to  withstand  exposure  to  higher  -fGz  levels,  as 
may  occur  during  aerial  combat  or  flight 
emergency,  PBG  must  be  supplemented  with 
AGSM.  The  degree  of  G-intensity  protection  from 
the  combination  of  PBG  and  a  maximal  AGSM  is 
not  known.  Several  investigators  have  reported 
experimental  subjects  requiring  moderate  AGSM  in 
order  to  complete  PBG  studies  in  the  centrifuge 
(Refs  1,2,3)  but  the  effect  of  maximal  AGSM  does 
not  appear  to  have  been  researched.  The  intra- 
thoracic  pressure  is  a  critical  issue.  What  is  the 
maximal  intra-thoracic  pressure  produced  by  the 
combination  of  assisted  PBG  (PBG  with  thoracic 
counter-pressure  from  a  jerkin)  and  maximal 
AGSM?  The  study  reported  here  addresses  this 
question. 


METHODS 
Experimental  Subjects 

Six  medically-screened  volunteers  participated 
as  subjects  after  giving  bifonned  consent.  They  were 
experienced  in  riding  the  centrifuge  with  a  mean 
-fGz  tolerance  of  -f8.3  Gz  in  a  seat  reclined  22 
degrees  from  vertical.  They  received  additional 
training  in  positive  pressure  breathing  at  -f  IG  and  in 
the  centrifuge,  and  then  in  supplementing  PBG  with 
maximal  AGSM. 

Measurements 

Mask  cavity  pressure  (Pm)  and  G-suit 
pressure  (Pg-suit)  were  measur^  with  variable 
reluctance  pressure  transducers  (Mdidyne,  model 
DPIS).  Pm  was  obtained  via  a  fitting  fixed  through 
the  shell  and  facepiece  of  the  mask.  G-suit  pressure 
was  measured  thrwgh  a  bayonet-style  (Luer-Lok) 
fitting  in  the  valve  connector  of  the  G-suit  hose. 

All  transducers  were  calibrated. 
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Intra-thoracic  pressure  was  estimated  by 
measuring  pressure  in  the  esophagus  (Pes).  Because 
abdominal  pressure  is  important  in  venous  return 
and  in  supporting  intra-thoracic  pressure,  gastric 
pressure  (Pga)  was  also  measured.  Pes  and  Pga 
were  measured  with  miniature  catheter-tip  pressure 
transducers  (Medical  Measurements  Inc,  model 
16CT).  A  custom  brass  fitting  replaced  the  anti¬ 
suffocation  valve  of  the  mask.  With  the  mask 
hanging  by  one  bayonet  from  the  mounted  helmet, 
the  Pes  and  Pga  catheters  were  passed  40  and  6S  cm 
respectively  through  two  small  ports  in  this  fitting. 
The  catheters  were  taped  to  the  sleeves  of  this  fitting 
to  prevent  sliding.  A  small  amount  of  xylocaine 
ointment  was  applied  to  the  back  of  the  nares.  With 
the  tip  dipped  in  a  water-soluble  lubricant,  the  Pga 
catheter  was  inserted  into  the  nose  and  moved  to  the 
glottis.  The  subject  swallowed  a  small  amount  of 
water  as  the  catheter  was  pushed  past  the  glottis.  It 
was  then  advanced  to  the  stomach.  1110  procedure 
was  repeated  with  the  Pes  catheter  which  ultimately 
rested  in  the  lower  third  of  the  esophagus.  The 
mask  was  lifted  to  the  face,  ensuring  that  neither 
catheter  looped  in  the  mask  cavity.  Ihe  second 
bayonet  was  then  fastened.  Catheter  positions  were 
checked  and  considered  correct  when,  during 
inspiration  to  total  lung  capacity,  Pes  remained 
negative  and  Pga  remained  positive.  The  catheter- 
tip  pressure  transducers  were  pneumatically 
calibrated  before  insertion. 

Cardiac  function  during  all  +Gz  exposures 
was  monitored  by  six-lead  ECXj.  Centrifuge  4<jz 
level  was  controlled  by  computer  using  tachometer 
verification.  An  accelerometer  mounted  at  heart 
level  behind  the  seat  provided  the  -Kiz  analogue 
signal.  All  measurements  were  recorded  on  a  multi¬ 
channel  strip-chart  recorder  (Gould,  model  ES- 
1000). 

Man-mounted  and  Pressure  Equipment 

The  subjects  wore  a  jerkin  similar  in  design  to 
the  Tactical  Life  Support  System  (TLSS,  Centex 
Corp,  PA)  jeikin  (Ref  4)  which  evolved  from  the 
Canadian  Forces  jerkin  (Ref  S).  It  is  a  full  trunk 
garment  with  a  bladder  over  the  anterior  and  lateral 
rib-cage,  and  in  the  inter-scapular  space.  There  is 
no  bladder  over  the  abdomen  or  back.  It  was  worn 
over  the  CSU-15/P  G-suit  (Irvin  Industries,  Ont.). 
The  G-$uit  was  pressurized  by  an  anti-g  valve  (Alar 
Products,  OH).  The  TLSS  oronasal  mask/helmet 
ensemble  was  used.  An  oxygen  regulator  (BF24(X), 
ARO,  NY),  designed  to  provide  positive  pressure 
breathing  on  exposure  to  high  altitude,  was  used  to 
deliver  PBG  and  prtssurize  the  jerkin  to  the  same 
level  as  the  mask  pressure.  With  a  needle  valve  on 
the  bleed  mechanism,  the  regulator  was  set  to 
deliver  a  constant  level  of  60  mm  Hg  PBG.  PBG  to 
the  mask  was  controlled  using  2  one-way  solenoids 
(Ascolectric,  Ont). 


Experimental  Design 

The  experiment  consisted  of  the  following 
five  conditions: 

1.  Experimental  condition  no.  1 

(C-IG)  -  maximal  Mtlsalva/AGSM  at  +1  Gz; 

2.  Experimental  condition  no.  2 
(C-PBG)  -  assisted  PBG  at  high  -fGz; 

3.  Experimental  condition  no.  3 
(C-sAGSM  )  -  submaximal  AGSM  at  high 
+Gz; 

4.  Experimental  condition  no.  4 
(C-mAGSM)  -  maximal  AGSM  at  high  -fGz; 

5.  Experimental  condition  no.  S 
(C-PBG-fmAGSM)  -  assisted  PBG  and 
maximal  AGSM  at  high  -fGz. 

Experimental  Procedures 

The  subject  arrived  at  the  laboratory  with 
flight  suit  and  ECG  electrodes  on.  After  the  Pes  and 
Pga  catheters  were  inserted,  the  subject  donned  the 
jerkin  and  G-suit .  The  subject  entered  the 
centrifuge  gondola  and  all  the  pneumatic  and 
electrical  connections  were  made.  The  briefmg 
session  reminded  the  subject  of  the  well-practiced 
procedures.  In  particular,  he  was  to  produce  his 
maximal  intra-thoracic  pressure,  when  full  AGSM 
effort  was  instracted,  and  to  maintain  the  normal 
AGSM  rhythm.  An  LED  display  showing  the  level 
of  intra-thoracic  pressure  to  dte  subject  encouraged 
maximal  efforts. 

In  the  first  experimental  condition  (C-IG), 
three  maximal  straining  efforts  were  performed 
separated  by  brief  rests.  Preparatory  -fGz 
exposures  were  then  made.  The  subject  was  exposed 
to  a  gradual  -fGz  onset  rate  centrifuge  profile  (O.I 
G/sec)  until  he  reached  100%  peripheral  light  loss 
and/or  S0%  central  light  loss.  Visual  light  loss  was 
measured  subjectively  using  a  light  bar  similar  in 
construction  to  that  used  by  USN  (Ref  6).  During 
this  centrifuge  profile,  PBG  of  60  mm  Hg  was 
delivered  at  -fA  Gz  and  maintained  at  diat  level  until 
the  visual  end-point  criterion  was  reached.  The 
subject  then  released  an  enable  switch  which 
automatically  stopped  the  centrifuge.  For  all 
subsequent  -KIz  exposures  for  that  subject,  that  same 
peak  -fGz  level  was  used.  The  -fGz  plateau  was 
maintained  for  20  sec. 

Experimenul  conditions  2-S  were  then 
presented  to  the  subject  in  preassigned,  semi- 
randomized  order.  The  cc^itkms  requiring 
maximal  AGSM  were  never  consecutive.  In 
condition  C-PBG,  the  subject  was  relaxed  and 
received  60  mm  Hg  PBG  at  ■f4  Oz  and  for  the 
remainder  of  the  profile.  No  PBG  was  provided  in 
C-sAGSM.  Submaximal  straining  wu  t^  hit  only 
as  necessary  to  avoid  teaching  the  visual  end-point. 


In  C-mAGSM,  moderate  straining  was  performed  as 
required  during  the  -t-Gz  onset,  and  then  on  reaching 
the  -fGz  plateau,  maximal  AGSM  was  instructed. 

(In  C-sAGSM  and  C-mAGSM,  the  jerkin  was  worn 
but  was  not  pressurized.)  PBG  was  provided  at  +4 
Gz  in  C-PBG+mAGSM  and  was  supplemented  with 
maximal  AGSM  on  reaching  the  +Gz  plateau.  At 
these  plateau  -fGz  levels,  subjects  could  concentrate 
on  performing  maximal  AGSM  without  fear  of 
losing  consciousness. 


All  pressures  and  -fGz  levels  were  analyzed  on 
the  strip  chart  record.  Measurements  of  Pes,  Pmask, 
Pg-suit,  and  -fGz  were  referenced  to  zero.  Wues 
for  Pga  were  taken  as  displacement  above  baseline 
(APga).  The  “maximal”  Pes  in  an  experimental 
condition  was  defined  as  the  greatest  pressure  over  a 
O.S  sec  period.  All  other  Pes  levels  were  measured 
as  the  greatest  pressure  over  a  1  sec  period.  Cardiac 
artifacts  complicate  analysis  of  the  Pes  waveform, 
but  the  effects  are  negligible  at  these  high  Pes  levels. 
All  other  variables  were  analyzed  over  the  same 
time  interval  as  the  respective  Pes  measurement. 

The  data  were  statistically  studied  by  repeated 
measures  analysis  of  variance  (alpha  level  at  O.OS). 
Scheffe  post-hoc  tests  followed  significant  F-ratio 
results.  Variability  about  mean  values  are  reported 
as  standard  error  of  the  mean  (±sem). 


RESULTS 

Group  mean  Pes  at  the  end-expiratory  lung 
volume  position  while  sitting  in  the  gondola  at  -f  1 
Gz  was  -10  (±  2.9)  mm  Hg.  At  end  tidal  volume, 
mean  Pes  was  -19.2  (±  3.4)  mm  Hg.  The  increase 
in  Pes  with  PBG  was  calculated  as  the  difference 
between  Pes  at  mid-inspiration  before  PBG  and  Pes 
at  mid-inspiration  with  PBG.  During  C-PBG  when 
group  mean  Pm  was  57.7  (±  0.6)  mm  Hg,  Pes  had 
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FIGURE  1.  Comparison  of  mask  pressure 
(Pm)  an4  esophageal  pressnie  (Pes)  from  3 
breaths  during  condition  C-PBG  at 
beginning,  middle,  and  end  of  -f7Gz  plateau. 


increased  by  SS.O  (±  1.6)  mm  Hg  (Figure  1) 
producing  a  mean  Pes-increase  ratio  of  0.95 
(±0.03). 

Secondary  parameters  were  uniform  for 
comparison  of  Pes  between  C-mAGSM  and  C- 
PBG-fmAGSM.  The  -fGz  level  (mean  =  +7  Gz)  and 
Pg-suit  (mean  =  394  mm  Hg)  were  constant  for 
individual  subjects. 

Pes  for  all  parts  of  the  various  experimental 
conditions  are  shown  in  Figure  2.  Pes  was 
significantly  greater  when  maximal  straining  was 
used  (C-IG,  C-mAGSM,  C-PBG-nnAGSM) 
compared  to  submaximal  efforts  (C-sAGSM)  or 
PBG  alone  (C-PBG).  Pes  in  C-sAGSM  was  slightly 
greater  compared  to  the  levels  in  C-PBG.  Pes  before 
AGSM  stalled  in  C-PBG-t-mAGSM  was  not 
statistically  different  from  Pes  during  C-PBG. 

Within  each  20  sec  period  in  all  experimental 
conditions,  the  variation  in  Pes  widi  different 
breaths/AGSMs  was  not  statistically  significant. 

The  bars  maiked  “max”  in  C-IG,  C-mAGSM, 
and  C-PBG-^mAGSM  of  Figure  2  show  maximal 
Pes  over  0.5  sec  in  their  respective  conditions. 
There  was  no  statistical  difference  ammtg  these 
values.  Their  average  value  is  138.9  (+  1.9)  mm 
Hg. 

Figure  3  shows  APga  corresponding  to  each 
measurement  of  Pes  in  the  previous  figure.  Similar 
to  Pes,  APga  was  greatest  when  maxiinal  straining 
was  performed.  APga  was  similar  in  C-sAGSM  and 
C-PBG.  At  the  time  of  maximal  Pes,  the  APga 
levels  in  C-IG,  C-mAGSM,  and  C-PBG-rmAGSM 
were  not  statistically  different.  The  average  APga  at 
maximal  Pes  was  197.2  (±  3.9)  mm  Hg,  but  there 
were  no  instructions  to  the  subjects  to  increase  Pga 
specifically  during  maximal  straining. 


DISCUSSION 

PBG,  both  without  and  with  the  aid  of 
thoracic  counter-pressure,  provides  substantial 
increases  in  G-duration  tolerance  compared  to 
AGSM  tests  (Refs  1, 3, 7).  However,  increases  in  G- 
intensity  tolerance  have  not  been  documented.  Due 
to  increases  in  blood  pressure  from  the  potential 
extra  increases  in  intra-thoracic  pressure  from  PBG 
and  straining  maneuvers,  improvements  in  -fGz- 
intensity  tolerance  might  be  expected.  If  the 
combination  of  assisted  PBG  arid  maximal  AGSM 
had  produced  an  additive  effect  on  intra-thraacic 
pressure,  maximal  Pes  would  have  reached  levels 
approximately  60  mm  Hg  greater  than  the  observed 
values.  Instead,  Pes  from  straining  and  PBG  was 
not  different  from  Pes  produced  by  maxinud  AGSM 
alone  at  ±70z,  or  by  a  maximal  strain  at  -f  1  Gz. 

It  is  unlikely  that  the  difference  between  the 
perfect  additive  effect  on  maximal  Pes  and  the 
findings  presented  here  was  due  to  methodological 
or  experimental  subject  limitations.  Reasons  for  this 
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FIGURE  3.  Change  in  gastric  pressure  in  all  experimental  conditions. 

Legend  for  Figures  2  and  3. 

C-IG;  maximal  valsalva/AGSM  at  +lGz. 

C-PBG;  PBG  at  high  +Gz. 

C-sAGSM:  submaximal  AGSM  at  high  +Gz. 

C-mAGSM:  maximal  AGSM  at  high  +Gz. 

C-PBG+mAGSM:  PBG  and  maximal  AGSM  at  high  +Gz. 

_ :  3  bars  underlined  are  pressures  measured  over  1  sec  and  represent  pressures  at  beginning, 

middle,  and  end  of  high  4<3z  plateau, 
pre:  pressure  measured  before  start  of  maximal  AGSM. 
max;  greatest  pressure  over  0.3  sec  in  that  experimental  condition. 


are  as  follows;  standard  esophageal  balloon  system  (Ref  10). 

1 .  Methodological,  (a)  Pes  was  measured  as  an  2.  Experimental  subjects,  (a)  The  maximal  Pes 
index  of  intra-thoracic  pressure.  Although  it  recorded  at  +10z  agrees  with  the  observations 

does  not  record  the  absolute  pressure  around  of  others  (Refs  11,12).  (b)  The  subjects  were 

the  heart  (Ref  8),  changes  in  Pes  agree  well  hi^y  motivated  and  performed  consistendy. 

with  changes  in  pleural  pressure  (Ref  9).  (b)  Maximal  Pes  values  during -tOz  exposure 

The  miniature  esophageal  pressure  transducer  were  u  high  as  at  -r-lGz. 

performs  satisfact^y  whm  compared  to  the 


7-5 


We  believe  (he  observations  are  explained  by; 
(i)  inadequate  support  from  thoracic  counter¬ 
pressure  during  PBG,  and  (ii)  the  characteristics  of 
the  expiratory  musculature. 

Inadequate  support  from  thoracic  counter-pressure 

We  view  the  thorax  during  AGSM  to  behave 
as  the  piston  model  shown  in  Figure  4.  Part  of  the 
thorax  is  represented  by  the  rigid  walls.  The  piston 
surface  represents  all  ibs  compliant  regions  of  the 
thoracic  wall.  All  the  muscles  participating  in 
AGSM,  primarily  expiratory  muscles,  are 
represented  by  the  contractile  unit  pulling  the  piston. 
The  inspiratory  muscles  are  ignored.  (The  effect  of 
-fGz  on  the  chest  wall  is  also  omitted.  -fGz  impedes 
normal  elevation  of  the  chest  wall  but  PBG  dampens 


that  effect  by  assisting  to  lift  die  chest)  The 
model’s  recoil  characteristics  ate  represented  by  die 
spring.  The  spring  ensures  that  the  piston  returns  to 
the  same  position  in  the  absence  of  muscular 
contraction  and  in  the  absence  of  a  pressure 
differential  across  the  piston  surfaces,  as  in  the 
resting  condition  shown  in  Figure  4a. 

Figure  4b  simulates  the  situation  during 
AGSM  altme.  The  glottis  closes.  Concentric 
ccaitraction  pulls  (he  piston  inward  causing  gas 
compression  and  an  increase  in  intra-thoracic 
pressure  of  130  mm  Hg  relative  to  outside.  Boyle’s 
Law  describes  the  proportional  relationship  between 
volume  reduction  and  pressure  increase. 

In  Figure  4c,  PBG  delivers  pressurized  gas; 

(i)  to  the  airway,  as  would  occur  with  an  otonasal 


FIGURE  4.  Mechanical  model  of  some  respiratory  system  components  and  interaction  of  ann-G  straining 
manuevers  and  positive  pressure  breathing  during  -fGz. 
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mask  with  a  reflected  seal,  and  (ii)  directly  to  the 
compliant  pait(s)  of  the  thorax,  most  effectively 
performed  by  a  device  similar  to  an  iron  lung  in 
which  equal  pressure  is  applied  to  all  p^  of  the 
thorax.  In  this  figure,  the  intia-thoracic  pressure 
increase  is  similar  to  the  elevation  in  mask  cavity 
pressure  and  is  perfectly  balanced  by  pressure  on  the 
piston  exterior. 

An  AGSM  is  added  to  perfectly-balanced  PBG 
in  Figure  4d.  First  the  muscle  is  relaxed  and  intra- 
thoracic  pressure  is  increased  60  mm  Hg  by  PBG. 
Then  the  glottis  is  closed  and  AGSM  is  performed. 
The  straining  muscles  gerrerate  the  same  transmural 
pressure  difference  across  the  two  surfaces  of  the 
piston  as  in  Figure  4b.  This  increment  in  pressure 
then  adds  to  the  already-elevated  intra-thoracic 
pressure  producing  190  rmn  Hg. 

Figure  4e  represents  PBG  with  mask  and 
less-than-ideal  jerkin.  This  situation  differs  from 
the  previous  figure  by  the  presence  of  a  bladder 
interface  between  the  body  or  piston  surface  and 
external  pressure.  This  type  of  counter-pressure 
would  reproduce  the  counter-pressure  effect  of 
Figures  4c  and  4d  provided  the  interface  is  highly 
compliant  and  covers  completely,  and  is  supported 
by  a  reliable  pressure  source.  Tius  is  not  the  case 
and  the  increased  intra-pulmonary  pressure  becomes 
only  partially-balanced  at  the  body  surface. 

Although  the  jerkin  limits  chest  wall  displacement 
outward,  counter-pressure  acting  in  the  inward 
direction  is  not  widely  distributed. 

There  are  several  indications  that  the  type  of 
counter-pressure  used  was  less  than  optimal. 

1 .  The  physiological  consequences  of  pressure 
breathing  are  minimized  when  counter¬ 
pressure  garments  maintain  the  subdivisions 
of  vital  capacity  near  the  normal  levels, 
particularly  that  of  the  end-expiratory 
position  (Ref  13).  Only  complete  trunk 
coverage  with  a  bladder  was  successful  in  this 
regard.  A  c^stan  suit  and  chest-only 
counter-pressure  with  a  vest  were  only 
slightly  better  than  no  counter-pressure  at  all 
(Ref  13).  The  TLSS-style  jerkin  does  not 
maintain  the  nonnal  end-expiratory  position 
during  PBG.  Chest  wall  shape  studies  during 
pressure  breathing  with  70  mm  Hg  at  -t-l  Gz 
indicated  that  the  rib-cage  component  of  lung 
volume  was  markedly  inflated.  The  rib-cage 
had  a  configuration  similar  to  that  at  2  litres 
above  the  end-expiratory  position  without 
pressure  breathing.  Only  by  abdominal 
compression  through  pressurization  of  the  G- 
suit  (at  4x  Pm)was  resting  lung  volume  during 
pressure  breathing  brought  close  to  pre¬ 
pressure  breathing  levels  (Ref  14). 

2.  Although  the  outer  shell  of  the  TLSS-style 
jerkin  covers  the  entire  trunk,  the  bladder 
only  covets  the  inter-scapular  space  and  the 
anterior  to  mid-lateral  portion  of  the  rib-cage. 


(Some  tower  trunk  support  is  provided  by  the 
abdominal  bladder  of  the  G-suit).  This  is 
significantly  less  than  the  all-encompassing 
bladder  of  the  RAF  jerkin  which,  from  the 
view  of  respiratory  and  cardiovascular 
support,  successfully  balances  pressure 
breathing  at  -t-lGz.  Figure  4e  illustrates  the 
problem  with  a  bladder  which  does  not 
provide  complete  coverage.  Counter-pressure 
only  occurs  tetween  surfaces  in  contact. 

Small  bladders  or  ballooning  of  bladders 
reduce  tite  contact  area  and  the  effectivertess 
of  the  counter-pressure.  Unsupported  body 
regions  are  compliant  structures  which  waste 
the  potential  rise  in  intra-thoracic  pressure. 
With  the  TLSS-style  jerkin,  two  candidate 
regions  for  added  support  are  the  anterior  and 
lateral  aspects  of  the  costal  margin.  Here 
chest  wall  movement  is  possible  due  to 
displacement  of  the  diaphragm  by  changes  in 
either  intra-thoracic  or  intra-abdominal 
pressure. 

3.  Full  trunk  counter-pressure  compared  to  chest 
only  coverage  increased  the  blood  pressure 
elevation  with  pressure  breathing  (Ref  IS). 
The  closeness-of-fit  of  the  jerkin  is  also 
important.  During  70  nun  Hg  pressure 
breathing,  blood  pressure  was  22  mm  Hg 
greater  with  a  tightly-fitted  TLSS-style  jerkin 
compared  to  a  jerkin  fitted  more  loosely  (Ref 
16).  The  tightly-fitted  jerkin  reduced  vital 
capacity  by  0.5  litre  before  pressure 
breathing. 

It  is  also  possible  that  contact  between  the 
iruier  jerkin  liner  and  the  thorax  is  not  constant.  To 
compress  gas  at  the  start  of  AGSM,  muscle 
contraction  reduces  the  size  of  the  chest  causing  the 
chest  wall  to  move  inward  away  from  the  jerkin. 
Until  pressure  in  the  bladder  and  surface  contact  are 
restored,  counter-pressure  is  incomplete. 


Characteristics  of  expiratory  musculature 

From  the  preceding  analysis,  inadequate 
thoracic  counter-pressure  can  account  for  tiie  failure 
of  combined  PBG  and  maximal  AGSM  to  increase 
intra-thoracic  pressure  to  the  level  determined  by 
the  sum  of  their  individual  effects.  That  tire 
maximal  intra-thoracic  pressure  with  PBG,  jerkin, 
artd  maximal  AGSM  is  not  different  from  maximal 
AGSM  alone  suggests  this  courtter-pressure  is  very 
ineffective.  It  may  be  so  ineffective  drat  assisted 
PBG  more  closely  resembles  unassisted  PBG  (PBG 
without  a  jerkin)  than  peifectly-balarrced  PBG.  In 
unassisted  PBG,  the  characteristics  of  the  expiratory 
musculature  can  predict  tire  ceiling  of  Pes  wtm 
maximal  AGSM  is  combrned  with  PBG. 

The  ability  of  tire  expiratcHy  muscles  to 
generate  intra-pultnonaty  pressure  (a  good  indicator 
of  Pes  in  this  situation)  is  described  by  Ifae  maximal 
pressure-lung  volume  (PV)  diagram  (Figure  S). 
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Maximal  Valsalva-type  maneuvers  were  used  in  the 
development  of  the  original  PV  diagram  (Ref  II). 
These  findings  were  conflimed  using  AGSM  (Ref 
12).  The  horizontal  distance  from  the  ordinate  to 
the  heavy  dashed  curve  in  the  PV  diagram  show  the 
maximal  intra-pulmonary  pressures  that  can  be 
produced  when  the  expiratory/AGSM  muscles 
contract  against  a  closed  airway  as  measured  at 
different  lung  volumes.  The  expiratory  muscles 
produce  the  greatest  intra-pulmonary  pressure 
(approximately  1 72  mm  Hg  in  this  example)  when 
lung  volume  is  near  full  vital  capacity  at  the  start  of 
the  effort.  The  maximal  pressure  that  can  be 
generated  decreases  exponentially  when  lung  volume 
decreases.  This  explains  the  success  of  maximal 
AGSM  after  a  rapid  inspiration  to  a  high  lung 
volume.  The  hyperinflation  produced  by  pressure 
breathing  may  confer  a  similar  benefit.  It  places  the 
expiratory  muscles  at  a  more  advantageous  position 
to  generate  force. 

During  expiratory  efforts  against  a  closed 
glottis,  the  forced  decrease  in  lung  volume  causes 
compression  of  gas.  The  lung  volume  decrease  for  a 
maneuver  performed  at  100%  vital  capacity  is 
represented  by  the  sloping  line  with  a  single  arrow 
in  Figure  5.  This  line  joins  the  top  of  the  ordinate, 
at  a  time  just  before  the  strain,  with  the  maximal 
pressure  produced  during  the  strain  at  that  lung 
volume.  At  maximal  pressure,  the  maximal  forces 
of  the  expiratory  muscles  attempting  to  further 
reduce  lung  volume  are  equally  opposed  by  the 
elevated  intra-pulmonary  pressure.  A  sub-maximal 
effort  AGSM  at  any  lung  volume  would  be 
represented  by  a  pressure  located  within  the 
boundaries  defuied  by  the  maximal  pressure  curve, 
the  volume  reduction  curve,  and  the  ordinate. 

The  heavy  dashed  curve  in  Figure  S  indicates 
typical  pressures  achievable  during  maximal 
voluntary  expiratory  efforts.  They  do  not  indicate 
the  over^  maximal  pressure  that  can  be  generated 


by  the  muscles.  Intra-thoracic  pressures  as  high  as 
3()0  mm  Hg  can  be  produced  transiently  during 
cough  (Ref  17).  Reflexive  inhibition  of  muscle  may 
limit  the  maximal  pressure  that  can  be  generated 
voluntarily. 

The  shaded  area  in  Figure  S  represents  the 
pressure  supplied  by  PBG.  A  breathing  regulator 
can  provide  the  work  for  the  first  60  mm  Hg  of 
pressure.  For  intra-pulmonary  pressure  to  exceed 
60  mm  Hg,  the  muscles  flrst  generate  isometric 
tension  equivalent  to  producing  60  mm  Hg  pressure 
without  PBG  (i.e.  to  the  rightward  limit  of  the 
shaded  area  of  Figure  5).  This  amount  of  tension 
does  not  change  lung  volume.  When  additional 
tension  from  maximal  AGSM  compresses  gas 
further,  intra-thoracic  pressure  increases.  The  total 
pressure,  however,  would  not  exceed  that  defmed  by 
the  maximal  pressure  curve.  Since  muscular 
contraction  is  used  to  reach  any  pressure  beyond  the 
PBG  level,  it  follows  that  the  sense  of  AGSM  effort 
would  be  in  parallel  with  the  total  pressure  rather 
than  the  pressure  change  from  60  mm  Hg  to  the 
fmal  level.  In  other  words,  an  AGSM  effort  which 
adds  2  -tGz  of  -lOz-intensity  tolerance  to  2  -tGz  of 
tolerance  already  provided  by  PBG,  will  feel  like  a 
4  -tGz  strain  and  not  like  2. 

The  effort  needed  requires  experimental 
verification.  It  contrasts  an  earlier  ainalysis  which 
cites  pilots’  reports  of  reduced  AGSM  effort  with 
PBG  at  •t-9  Gz  (Ref  18).  Perhaps  part  of  the 
difference  is  due  to:  (i)  the  greater  lung  volume 
during  PBG  which  optimizes  the  position  for  the 
chest  wall  to  generate  positive  pressure,  and/or  (ii) 
the  lifting  of  the  chest  wall  by  PBG  which  assists 
inspiration.  The  analysis  would  also  predict  that 
when  thoracic  partial  pressure  garments  evolve 
from  minimal  coverage  to  more  complete  counter- 
pressure,  AGSM  adding  2  -tOz  of  protection  to 
PBG  will  feel  like  a  2  -tGz  AGSM;  and,  the  effect  of 
PBG  and  maximal  AGSM  on  Pes  will  be  additive. 


FIGURE  5.  Pressure-volume  diagram. 

Heavy  dashed  curve  ( - )  represents 

maximal  expiratory  intra-pulmonary 
pressure  at  different  lung  volumes  (after 
Rahn  et  al.,  1946).  Single  arrow  ( — ►) 
represents  reduction  in  limg  volume  due 
to  gas  compression  when  maximal 
pressure  is  exerted  at  100%  of  vital 
capacity.  Shaded  area  represents  intra- 
pulmonary  pressure  produced  with  PBG 
60  rtun  Hg;  when  AGSM  is  added  to 
PBG,  the  left  dashed  arrow  ( — ^) 
represents  the  potential  intn-pulmonaty 
pressure  resulting  from  the  submaximal 
isometric  AGSM.  The  right  dashed 
arrow( —  ^)  shows  the  added  pressure 
resulting  from  the  maximal  AGSM. 


FIGURE  6.  Actual  record  of 
mask  cavity  pressure  (Pm) 
and  esophageal  pressure  (Pes) 
during  assisted  PBG  (iqjprox. 
60  mm  Hg)  and  maximum 
AGSMat+7Gz. 


Other  Observations  Performing  AGSM  with  PBG. 

PBG  requires  a  reliable  pressure  source.  The 
experimental  records  of  PBG  with  AGSM  show  that 
Pm  is  greatly  reduced  immediately  after  the  rapid 
inspiration  and  during  the  first  portion  of  the  strain 
compared  to  the  normal  PBG  level  (Figure  6). 
Therefore,  both  PBG  level  and  counter-pressure 
from  the  jerkin  were  less  than  would  be  expected. 

A  breathing  regulator  with  insufficient  capacity  to 
meet  the  flow  demands  from  inspiration  and  tte 
volume  demands  for  jerkin  pressurization  could 
explain  these  results. 

During  preliminary  experiments,  one  subject 
could  not  increase  Pes  with  PBG  and  AGSM  much 
above  his  level  with  PBG  alone,  even  though  his 
maximal  Pes  with  only  AGSM  was  substantially 
greater.  When  his  straining  technique  incorporated 
a  more  pronounced  “hook”  sound  (Ref  19),  Pes 
increased.  PBG  probably  made  closure  of  the  glottis 
more  difficult.  Positive  pressure  breathing  distends 
the  upper  respiratory  passages  (Ref  15)  and  the 
glottis  may  have  to  be  moved  farther  to  obtain 
complete  closure.  If  the  glottis  is  not  completely 
closed  during  AGSM,  intra-pulmonary  gas 
compression  forces  air  out  through  the  mask, 
leading  to  loss  of  pressure. 


Conclusions 

1 .  At  high  4Gz,  maximal  intra-thoracic  pressure 
generated  by  the  combination  of  maximal 
AGSM  and  PBG  with  small-bladder  thoracic 
counter-pressure  garments  is  not  greater  than 
pressure  produced  by  maximal  AGSM  alone. 
Therefore,  the  G-intensity  protection  obtained 
separately  from  PBG  and  AGSM  is  not 
additive. 

2.  Assisted  (or  balanced)  PBG  using  thoracic 
garments  which  provide  less  than  full  tni^ 
counter-pressure  should  be  regarded  as  only 
partially-balanced  PBG. 


Implications  of  Findings 

1 .  Jerkins  were  originally  designed  to  limit 
hyperinflation  of  the  lungs  and  assist 
expiration  during  positive  pressure  breathing 
for  hypoxia  protection.  Even  jerkins  with 
smaller  bladders  fulfill  this  role.  iMth  only 
slight  modifications,  similar  jerkins  are  being 
used  with  PBG,  but  the  present  analyses 
suggest  that  their  value  during  PBG  may  have 
been  underestimated.  Greater  increases  in 
intra-thoracic  pressure  might  be  produced 
with  larger  jeikins,  or  with  greater  pressure 
in  the  jerkin  compared  to  the  mask  in  those 
jerkins  with  smaller  bladders.  Designs  of 
thoracic  counter-pressure  garments  should 
consider  both  hypoxia  and  +Gz  protection 
roles,  but  expanded  coverage  for  physiological 
protection  must  be  reconciled  with  minimal 
coverage  for  flying  comfort. 

2.  Breathing  regulators  must  provide  high  gas 
flow  to  meet  the  most  demanding  respiratory 
requirements  in  the  cockpit  (Ref  20). 
Inspiratory  flow  during  vigorous  AGSM  can 
reach  4.7  litres/sec  BITS  (Ref  21).  Design 
specifications  must  also  consider  frequent 
pressurization  of  high-volume  thoracic 
counter-pressure  garments  during  PBG  and 
AGSM. 

3.  The  AGSM  will  likely  remain  a  vital 
component  of  any  G-protection  system  for  the 
upright  aviator.  Even  with  PBG,  straining 
training  in  the  centrifuge  will  be  necessary. 
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SUMMARY 

This  study  investigated  the  level  and  pattern  of  trunk 
and  lower  extremity  muscle  activity  in  aircrew  performing 
the  anti-G  straining  maneuver  (AGSM)  at  high,  sustained 
■KSz.  Ten  male,  trainedcentrifuge  riders  experienced  rapid 
onset  profiles  (4G/s)  to  +6  Gz.  and  sustained  this  level  on 
the  Armstrong  Laboratory’s  Human  Centrifuge  until 
greyout.  Surface  electromyography  (EMG)  was  recorded 
from  the  erector  spinae,  lateral  abdominal,  biceps  femoris. 
vastus  lateralis,  and  lateral  gastrocnemius  muscles  of  the 
subject’s  dominant  side.  The  normalized  root  mean  square 
(RMS)  and  mean  power  frequency  (MWO  were  calculated 
for  each  muscle  at  1 -second  intervals  throughout  the  ex¬ 
posure.  The  RMS  amplitude  for  the  muscles  of  the  tower 
extremity  showed  a  marked  decrease  (-61.45%)  while 
muscles  of  the  trunk  exhibited  a  slight  increase  (-•■3.45%). 
The  MPF  of  (he  EMG  signal  did  not  demonstrate  a  ngnifi- 
cant  change  during  the  exposure.  Motor  unit  recruitment 
decreased  in  the  lower  extremity  muscles  during  exposure. 
None  of  the  studied  muscles  demonstrated  a  shift  in  the 
MPF  suggesting  evidence  of  fatigue.  The  results  of  the 
present  study  suggest  the  importance  of  maintaininga  high 
level  of  muscle  activity  in  the  legs  throughout  exposure  to 
sustained  high  levels  of  acceleration  stress  (hat  require  use 
of  the  AGSM. 


INTRODUCTION 

Physiologic  techniques  to  counter  increased  accelera- 
uon  stress  has  a  moderately  long  history.  Initiated  infor¬ 
mally  by  World  War  I  pilots  and  used  by  pioneering 
acrobatic  pilots  who  had  experienced  fainting  and  vision 
decrements  (5).  the  technique  of  straining  was  formally 
defined  in  the  early  1940s  (24).  Shubrooks  and  Leverett 
(16)  recOTimended  minor  modifications  to  enhance  the 
efficacy  of  the  procedure.  During  sustained  high  accelera¬ 
tion  stress  encountered  by  pilots  of  high  perfcnmance 
aircraft,  the  anti-G  strainingmaneuver(AGSM)isessential 
to  successful  tolerance  to  these  stresses,  especially  during 
the  onset  phase  of  the  stress.  The  importance  pn^)er 
AGSM  perfonnance  to  achieve  and  sustain  high  levels  of 
-Krz  stress,  is  underscored  by  the  establishment  of  aircrew 
training  programs  by  the  United  States  Air  Force  and  Navy. 

Untrained  individuals  performing  the  AGSM,  which 
requires  near-maximal  activation  of  several  muscle  groups, 
generally  dopooriy  in  (he  strainingmaneuverandexperience 
rapid  fatigue.  Several  reports  have  demons&ared  that  a 
generalized  (whole  body)  resistance  (strength)  training 
program  can  enhance  individual  tolerance  to  acceleration 
stress  (8.  II,  20,  22).  Compliance  problems  arise  with 


collective  training  regimens;  they  require  a  large  time 
investment,  and  yield  disproportionate  benefits  across  the 
population.  In  response  to  these  difficulties,  anempts  have 
been  made  to  assess  the  influence  that  specific  muscle 
group  strengthening  regimens  have  on  extending  accelera¬ 
tion  tolerance.  The  results  of  these  muscle-specific  pro¬ 
grams  have  not  demonstrated  promise  for  improving  +C/. 
tolerance  (2. 17,21).  Development  of an  eflicieniresisiance 
training  regimen  to  offset  the  shortcomings  of  the  general¬ 
ized  and  muscle-specific  training  programs  makes  it  nec¬ 
essary  to  evaluate  the  contribution  of  regional  muscular 
groups  in  performing  the  AGSM. 

The  objective  of  this  investigation  was  therefore  to 
analyze  the  contribution  of  the  regional  musculargroupsof 
the  mink  and  lower  extremities  and  to  evaluate  fatigue- 
related  changes  that  occur  in  the  Irequency  component  of 
the  myoelectric  signal  in  crewmembers  performing  the 
AGSM  at  high  sustained  acceleration  stress. 


METHODS  AND  MATERIALS 

Subiecis:  Ten  males  from  the  Armstrong  Laboratory. 
Brooks  Air  Force  Base  acceleration  panel  volunteered  for 
this  experiment.  Their  ages  ranged  from  2 1  to  32  with  an 
average  of  27.5  years.  All  subjects  were  in  good  health  and 
were  experienced  centrifuge  riders.  The  voluntary,  fully 
informed  consent  of  the  subjects  used  in  this  research  was 
obtained  as  required  by  APR  1 69-3. 

CentrifuBe  atui  equipment  confititraiion:  Subjects 
were  seated  in  the  upright  ( 1 3“  backangic)  ACES  II  seat  of 
the  6. 1  meter  Human  Centrifuge  at  the  Arm  strong  Labora¬ 
tory,  Brooks  AFB.  The  foot  plate  was  ..djusted  to  position 
the  heels  at  approximately  9  cm  above  the  floor  with  the 
knee  joint  angle  at  approximately  120°  in  extension. 
Subjects  wore  individually  fltted  standard  CSU  1 3  B/P  G- 
trousers. 

Exp^rimenial  protocol:  The  volunteers  were  assisted 
and  secured  in  the  gondola  following  instrument  calibra¬ 
tion  and  application  of  the  electrodes.  The  acceleration 
exposure  consisted  of  a  rapid  onset  (-44  Gz  s-i)  profile  to  a 
pe^  of  -4-6  Gz.  The  subjects  sustained  this  actxleration 
level  until  experiencing  light  loss  crireria  (greyout)  caused 
by  fatigue.  Each  subject  was  evaluated  with  the  G-trousen 
pressurized  at  the  standard  schedule  (initial  at  -4-2  Gz; 
thereafter,  the  pressure  increased  at  1 .5  psi  for  each  addi- 
tioiiJ  -fGz).  These  procedures  were  repe«ed  three  times 
on  separate  days.  A  minimum  of  1  day  without  G  exposure 
was  provided  between  trials. 


Surface  eJeccrodes  (3  mm,  Ag-AgCl)  were  positioned 
overlying  the  erector  spinae  (ES).  abdominal  lateral  ob¬ 
lique  (LO),  bicep  femoris  (BF).  vastus  lateralis  (VL)  and 
the  lateral  gastrocnemius/solcus(GS)  muscles  of  the 
subject’s  dominant  limb.  An  interelectrode  distance  of2.0 
to  2.5  mm  near  the  motor  point  of  the  muscle  was  select; 
skin/electrode  impedance  was  reduced  to  less  than  10 
kOhms.  Electromyographic  (EMG)signals  were  bandpass 
filtered  at  3  and  500  Hz,  differentially  amplified,  and 
recorded  at  3.5  ips  on  intermediate  band  FM  tape  for  later 
processing. 


Electromyographic  data  for  each  trial  were  convened 
from  analog  to  igiial  format  at  1 024  samples  per  second. 
One-second  segments  at  quanilc  intervals  were  selected 
for  each  muscle  to  represent  the  individual  acceleration 
exposures.  Electromyographic  signal  amplitude  was  de¬ 
termined  using  a  root  mean  square  (RMS)  algorithm  (3). 
These  data  were  normalized  to  aone-second  RMS  segment 
when  the  subject  achieved  the  maximum  +G2  level.  The 
mean  power  frequency  (MPF),  from  the  spectral  analysis 
of  the  quanile  segments,  for  each  of  the  observed  muscles, 
was  also  calculated  ( 1 3). 


DaiaAnahsis:  The  RMS  amplitude  data  were  found  to 
be  nonnormally  distributed;  therefore,  these  data  were 
logarithmically  transformed  (18).  The  values  for  RMS 
amplitude  and  MPF,  for  all  muscles,  at  each  quanile 
segment  were  averaged  across  trials  forindi  vidual  subjects, 
yielding  a  mean  RMS  and  MPF  value  for  each.  These 
subject  mean  data  were  used  to  evaluate  between  and 
within  muscle  differences  in  RMS  amplitude  and  MPF 
during  the  sustained  acceleration  exposure. 


The  mean  normalized  log  RMS  amplitude  in  the  lower 
leg  muscles  steadily  decreased  ^ig  1)  tivoughout  the 
acceleration  exposure  (F=8.7,  df*4,36,  p<0.05).  The 
amplitude  decrease  from  the  beginning  to  the  end  of  the 
exposure  was  61.5%.  The  response  profiles  for  the  three 
observed  muscles  of  the  leg  were  quite  similar.  Trunk 
muscles,  however,  demonstrated  a  more  varied  ^dvafion 
pattern  throughout  the  exposure;  the  LO  muscle  exhibited 
the  largest  variability.  The  mean  change  in  log  RMS 
amplitude  for  the  trunk  muscles  increased  slightly  by 
3.5%.  Furthermore,  the  amplitude  of  the  muscle  mtMOTunit 
activity  between  the  trunk  and  the  leg  muscles  wasdifferent 
(r*8.55,  dfs4.36,  p<0.05). 


muscle  U}  exhibit  any  marked  change  throughout  the  expo¬ 
sure.  The  ES  MPF  shifted  to  a  higher  frequency  through 
the  middle  segment  of  the  exposure;  however,  the  MPF 
returned  to  the  frequency  near  that  established  for  the 
earlier  segment  by  the  end  of  the  exposure.  In  addition  to 
the  variable  changes  observed  in  the  MPF  frequency  across 
the  exposure,  the  ES  muscle  exhibited  a  much  higher 
frequency  of  activation  than  the  other  muscles  studied. 
Again,  the  leg  muscles  performed  differently  than  those  of 
the  trunk. 


0  25  so  75  IOD 
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Figur*  2.  Group  mean  Mean  Power  Frequency  by  muscle  across  the 
.^Gz  exposure. 


Tension  developed  by  a  muscle  is  produced  and  con¬ 
trolled  by  modulating  the  number  of  motor  units  panicipat- 
ing  in  the  activity — amplitude,  and  by  varying  the  nerve 
firing  frequency  to  the  active  motor  units — frequency 
modulation  ( I ).  The  present  study  evaluated  these  tension- 
producing  characttristics  for  active  motor  units  by  obs»:rv  - 
ing  surface  EMG  for  selected  muscles  of  the  leg  and  trunk 
in  subjects  performing  the  AGSM  at  a  high  level  of 
sustained  acceleration  stress.  Generally,  we  found  the  leg 
muscles  produced  a  consistently  different  response  than 
that  observed  from  muscles  of  the  trunk. 

Change  in  EMG  amplitude  is  considered  to  indicate  of 
the  rccruiimcntpattcmofmuscle  motor  units  attempting  to 
maintain  a  specified  level  of  tension  (4, 7).  In  this  study, 
the  myoelectric  signal  amplitude  of  the  legs  decreased 
throughout  the  -Kjz  exposure  suggesting  that  the  subjects 
were  able  to  decrease  this  component  of  generating  tension 
in  the  leg  muscles  as  the  exposure  to  4Gz  continued.  This 
recTuitment  pattern  is  different  from  that  stated  in  the 
literature,  in  which  a  linear  relabonship  is  described  be¬ 
tween  the  increasing  amplitude  of  the  EMG  and  generated 
muscle  tension  while  perfuming  fatiguing  isometric  con¬ 
tractions  (4, 7, 14).  The  discrepancy  between  the  findings 
of  the  present  study  and  those  found  in  the  literature  may 
be  attributed  to  the  reduction  in  applied  tension  (AGSM) 
our  subjects  produced  as  they  became  more  comfortable 
with  the  level  of  stress;  i.e.,  they  ’‘sensed”  the  magnitude  of 
the  AGSM  required  to  maintain  peripheral  vision.  Basic 
EMG  research  geiterally  employs  a  uniform  resistance  at  a 
known  percentage  of  an  individual’s  maximum  voluntary 
contraction  capacity. 


Ftgur*  1 .  Group  moan  log  RMS  •(T^Uudo  by  mu«ct«  aaost  tho  ♦S  Qz 
oxpo«ur«. 

Evalu^on  of  the  MPF  simple  main  effect  data  indi¬ 
cated  no  substantive  change  (Fig.  2).  The  ES  was  the  only 


It  is  interesting  to  note  that  the  patterns  of  change  across 
the  -Kix  exposure  for  the  three  observed  leg  muscles  were 
quitesimilar.  The  BF.VL  and  the  GS  muscles  participated 
equally  in  the  AGSM  perfonnance.  The  demonstration 
hm  of  the  substantial  contribution  to  the  AGSM  by  the  BF 


and  GS  muscles  is  important  since  the  LO  and  VL  muscles 
were  considered  to  be  the  primary  agonists  of  the  AGSM 
(2. 17,21). 

The  surveyed  muscles  of  the  trunk  demonstrated  a  less 
consistent  pattern  of  recruitment.  After  an  initial  decline  in 
the  mean  RMS  amplitude,  the  ES  and  LO  muscles  in¬ 
creased  their  recruitment  activity.  This  in.Tease,  approxi¬ 
mately  halfway  through  the  -fGz  exposure,  indicates  a  call 
for  additional  motor  units  to  activation  in  order  to  maintain 
the  necessary  muscle  tension  as  the  duration  of  the  activity 
progresses.  These  data  agree  with  those  of  Balldin  et  al. 
(2),  and  Williams  et  al.  (23). 

The  central  index  (the  point  in  the  spectrum  where  the 
power  is  equal  above  and  below)  for  myoelectric  firing 
frequencies  observed  in  the  muscles  of  this  study 
similarto  those  reported  in  the  liierature(tO.  12.  IS).  The 
MPF  viewed  for  the  ES  muscle  was  much  higher,  at 
approximately  120  Hz,  than  those  for  the  other  muscles, 
40-70  Hz.  This  finding  may  indicate  the  activation  of  mtm 
fast  twitch  motor  neurons  in  the  ES  muscle  than  in  the  other 
muscles  studied  (12,  14). 

Simple  main  effects  analysis  did  not  indicate  a  substan¬ 
tial  change  in  the  MPF  throughout  the  +G2  exposure  for  the 
observed  muscles.  The  MPF  for  the  ES,  however,  in¬ 
creased  through  the  middle  phase  of  the  exposure,  and 
showed  a  trend  of  fatigue  near  the  end  of  the  trial.  The  other 
monitored  muscles  did  not  show  any  shift  in  the  central 
index  frequency  indicating  muscular  fatigue  was  encoun¬ 
tered  or  imminent. 

The  lack  of  evidence  indicating  muscular  fatigue  in  this 
study  is  in  contrast  with  repons  describing  changes  in  a 
central,  biochemical  index  of  fatigue  during  exposure  to 
simulated  aerial  combat  manriu  vers  (6,19).  The  discrepency 
among  these  findings  may  •}e  due  to  the  nature  of  the 
observed  markers.  Changes  in  venous  blood  lactic  acid 
levels  are  systemic  indicators  of  muscular  work.  Ute  lactic 
acid  produced  must  diffuse  out  of  the  muscle  and  into  the 
intracellularspace,  then  become  distributed  throughout  the 
venous  system  before  an  accurate  blood  assay  may  be 
made  (19).  The  MPF  is  a  peripheral  indicator  of  fatigue  and 
is  specific  to  the  muscle  observed.  It  is  possible  the  well- 
defined  relationship  between  the  MPF  and  muscle  fatigue 
does  not  apply  to  conditions  of  sustained  -Kjz  stress  be¬ 
cause  of  the  unique  type  of  muscle  activatitm  pattern 
performed  during  the  AGSM. 

The  evidence  of  fatigue,  identified  by  a  shift  of  the 
MPF  to  a  lower  frequency,  has  been  established  for  sus¬ 
tained  contractions  held  at  a  percentage  of  the  subject's 
maximum  voluntary  contraction.  The  AGSM,  while  viewed 
as  a  “whole  body”  activity  consisting  of  pmlominantly 
maximum  isometric  contractions,  varies  with  respiration 
and  the  perceived  degree  of  intensity  of  the  stress  (remain¬ 
ing  peripheral  vision).  It  is  possible  that  the  shift  in  MPF 
may  not  be  sensitive  to  the  fatigue  changes  brought  about 
by  this  nonuniform  exercise.  Likewise,  the  central  bio¬ 
chemical  assay  may  be  indicating  fatigue  in  muscles  that 
are  not  primary  agonists  for  (he  AGSM.  Future,  well- 
designed  experiments  will  be  required  to  sent  out  the 
differences  in  these  indexes  under  this  very  complex 
physical  activity. 

Summarizing  the  results  of  the  present  study  we  found: 
(1)  momr  unit  recruitment  decreased  in  muscles  of  the 


lower  extremity  while  muscles  of  the  trunk  remained 
relatively  unchanged;  (2)  none  of  the  muscle  studies  indi¬ 
cated  fatigue;  (3)  the  ES  muscle  showed  some  initial  signs 
of  fatigue;  and  (4)  the  posterior  aspects  of  the  thigh  and  the 
leg  arc  active  during  AGSM  performance.  These  results 
suggest  the  importance  of  maintaining  a  high  level  of 
muscle  activity  in  the  legs  throughout  exposure  to  sus¬ 
tained  high  levels  of  acceleration  stress. 

The  practical  implicaticm  for  these  data  proposes  that 
the  legs  should  be  a  principal  component  of  any  strength 
training  regimen  performed  loenhance  acceleration  endur¬ 
ance  tolerance.  Furthermore,  in  addition  to  the  extensors 
of  the  leg  (quadriceps),  the  flexors  of  the  leg  (hamstrings) 
and  the  extensors  of  the  foot  (calO  should  be  an  integral 
component  of  these  strengthening  programs.  While  the 
results  of  this  study  do  not  indicate  that  the  back  and  the 
abdominal  muscle  have  a  major  contributory  role  in  per¬ 
forming  the  AGSM  they  should  not  be  excluded  by  any 
training  regimen;  they  may,  however,  be  de-emphasized  in 
favor  of  leg  development.  Finally,  in  addition  to  maximum 
strength  development,  accomplished  by  high  resistance, 
low  repetition  regimens,  strength  endurance  must  be  en¬ 
hanced.  This  component  of  strength  is  enhanced  by  de¬ 
creasing  the  total  resistance  applied  and  increasing  the 
number  of  repetitions  for  a  specified  task.  This  latter 
component  of  strength  may  well  be  the  best  method  to 
enhance  acceleration  endurance  tolerance. 
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Summary 

Tt.e  aim  of  the  present  study  was  to  investigate  in  healthy  subjects  if  responses  to  a  cardiovascular  reOex 
te.st,  the  Valsalva  maneuver,  might  be  predictive  for  +  Gz-tolerance.  The  main  finding  is  a  significant 
correlation  between  blood  pressure  recovery  during  VM  and  peripheral  light  loss  (relaxed,  before 
executing  the  Ml/Ll-maneuver)  (r  =  0.63,  p<0.05).  All  other  parameters,  including  baroretlex  sensitivity, 
did  not  significantly  correlate  with  +  Gz-to/erance.  Furthermore  intact  baroreflex  pathways  were 
determined  in  all  subjects.  These  results  indicate  that  the  parameters  derived  from  the  cardiovascular 
responses  to  VM  may  only  confirm  baroreflex  integrity.  Therefore  VM  might  be  used  in  the  diagnostic 
proces  of  fighter  pilots  with  repeated  +Gz-loss  of  consciousness  inflight  who  are  suspected  of  an 
orthostatic  disorder.  However  in  healthy  subjects  VM  has  limited  value  in  predicting  +  Gz-tolerance. 


Introduction 

Cardiovascular  reflexes  play  a  major  role  in  adaptation  to  downwards  shift  of  blood  induced  by  +Gz- 
stress  (1).  In  clinical  medicine  the  integrity  of  neural  cardiovascular  reflex  control  is  as,sessed  by  analysing 
the  continuous  blood  pressure  (BP)  and  heart  rate  (HR)  responses  to  different  maneuvers,  such  as  the 
Valsalva  maneuver  (2).  In  the  development  of  screening  tools  to  predict  +  Gz-tolerance  in  fighter  pilot 
trainees  selection  the  question  arised  if  the  magnitude  of  the  cardiovascular  iespon.ses  upon  fluid  shifts 
and  pressure  changes  as  elicited  by  the  Valsalva  maneuver  might  be  predictive  for  +  Gz-tolerance. 

The  present  study  was  designed  to  investigate  the  cardiovascular  (i.e.  BP  and  HR)  responses  to  the 
Valsalva  maneuver  in  healthy  subjects  and  to  correlate  the.se  findings  with  +  Gz-tolerance  in  centrifuge- 


runs. 


Methods 

Subjects:  10  healthy  male  subjects  (Mean  age;  31  years  (range  24-43),  mean  weight  77  kg  (range  67-96), 
height  181  cm  (range  168-193),  mean  resting  systolic  and  diastolic  auscultatory  BP  127/78  mmHg  (range 
1 16-150/68-88),  and  mean  resting  HR  68  bpm  (range  54-83) 

Valsalva  maneuver:  expiratory  pressure  of  40  mm  Hg  for  15  s  without  muscle  tensing. 

Measurements  during  the  Valsalva  maneuver:  1:  continuous  non-invasive  finger  BP  (TNO  model  5  Fina- 
pres™)  2:  instantaneous  HR  (from  the  electrocardiogram) 

The  five  classical  phases  of  the  Valsalva  BP  response  were  identified  with  five  sample  points  (fig.  1)  and 
for  statistical  analysis  were  used:  the  initial  BP  rise  relative  to  control  BP  (a  in  fig.  1),  BP  fall  (a-b  in  fig. 
IB)  and  BP  recovery  (c-b  in  fig.  1).  Maximal  (HR„„,)  and  minimal  HR  (HR„,„)  (fig.  1)  were  determined, 
as  well  as  the  Valsalva  ratio  (HR„^/HR„„„)  (4). 

Profiles  of  the  centrifuge-runs:  profile  1:  acceleration  0.1  G/s,  relaxed(R)  until  PLL  (PLL  R).  At  PLL  R  the 
subject  started  to  strain(S)  and  the  run  was  terminated  when  PLL  (PLL  S)  re-occurred;  profile  2:  with 
anti-G-suit  (PLL  Rags  &  PLL  Sags). 

Statistical  analysis:  BP  and  HR  data  were  correlated  with  -rGz-level  of  PLL  data  by  means  of  linear 

regression  analysis.  A  value  of  p<0.05  was  considered  significant. 
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figure  I 


Characteristics  sample  points  of  the  Valsalva  maneuver:  a  =  BP  rise;  b  =  BP  fall;  c  =  last  beat  during  strain; 
d  =  BP  fall  after  release;  e  =  BP  overshoot.  Bar  marked  Valsalva  indicates  duration  of  straining  period. 
From:  (3)  Ten  Harkel  e.a.  J.  Appl.  Physiol.  1990;  68:147-53.  Reprinted  with  permission. 


Results 


PLL  R  (in  +Gz)  was  4.2±0.9,  PLL  S:  7.5  ±  1.2,  PLL  Rags:  5.5+ 1.4,  and  PLL  Sags:  8.5  ±0.05. 

Mean  BP  recovery  during  VM  correlated  significantly  with  PLL  (r=0.63,  p  =  0.049).  Furthermore  no 
significant  correlation  was  found  between  BP  and  HR  responses  to  standing  (initial  BP  rise,  fall  & 
overshoot,  maxiroal  and  minimal  HR)  or  forced  breathing  (I-E  difference)  and  PLL.  Cardiovascular 
findings  were  within  normal  range  revealing  no  cardiovascular  autonomic  dysfunction. 
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figure  2 


Correlation  between  mean  BP  recovery  during  the  Valsalva  maneuver  (c-b  in  fig.  I ) 
and  PLL  R  (0.1  G/s,  relaxed). 


Conclusions 


Cardiovascular  reflex  tests  assess  integrity  of  the  parasympathetic  and  sympathetic  barorefle.x  pathways. 
The  cardiovascular  autonomic  function  test  used  in  this  study,  the  Valsalva  maneuver,  has  its  main 
application  as  clinical  tests  to  classify  patients  with  orthostatic  disorders.  The  finding  of  intact  baroreflex 
pathways  in  the  studied  subjects  confirms  the  absence  of  symptoms  of  orthostatic  disorders.  Therefore  the 
Vaisalva  maneuver  could  be  applicable  in  aviation  medicine  in  the  diagnostic  proces  of  a  pilot  xvith 
repeated  +Gz-loss  of  consciousness  inflight,  who  is  suspected  of  an  orthostatic  disorder. 

However  the  moderate  correlation  found  indicates  that  normal  cardiovascular  function  is  a  condition  for 
tolerating  +Gz-stress  without  determining  maximal  +Gz-tolerance. 

We  conclude  that  responses  to  cardiovascular  tests  may  only  confirm  baroreflex  integrity.  However,  they 
have  limited  value  in  predicting  +Gz-tolerance. 
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Summary 

Twelve  chronically  instrumented,  unanesthetized,  minia¬ 
ture  swine  were  used  to  investigate  the  hemodynamic  inter 
relationships  of  PBG,  the  AGSM.  and  the  G-suit,  during 
GOR  and  S  ACM  +G^  profiles.  Maximum  LVP  and  AP  of 
over  300  mmHg,  and  LVEDP  and  RVEDP  of  over  160 
mmHg  and  100  mmHg,  respectively,  were  common  during 
the  GOR  and  S  ACM  exposures  at9  +G^  using  an  ECGS.  A 
concurrent,  substantial  increase  in  intrathoracic  {nessure 
attenuated  transmural  vascular  pressures  within  the  thorax. 
The  performance  of  the  ECGS  was  significantly  better  than 
the  ABGS,  with  or  without  PBG-  A  PBG  effect  could  not 
be  demonstrated  while  using  the  ECGS,  during  either  the 
GOR  orSACM  profiles. 

List  of  Abbreviations  and  Acronyms 


+G, 

acceleration  in  a  fooi-to-head  vector  with 
re&uUam  inertial  load  in  a  head-to-foot 

vector 

GOR 

gradual  onset  rate  of  +G,  (0. 1  G/s) 

ROR 

rapid  onset  rate  of  40,  (4-6  G/s) 

SACM 

simulated  aerial  combat  maneuver 

PB 

pressure  breathing 

PBG 

pressure  breathing  during  -tO, 

AGSM 

anti-G  straining  maneuver 

ABGS 

abdominal  bladder  G-suit 

ECGS 

extended  coverage  G-suit 

LV 

left  ventricle;  left  ventricular 

LVP 

left  ventricular  pressure 

dP/dl 

first  derivative  of  LVP 

RV 

right  ventricle;  right  ventricular 

RVP 

right  ventricular  pressure 

EDP 

end-diastolic  pressure 

CVP 

central  venous  pressure  at  the  level  of  the 
right  atrium 

AP 

aortic  pressure 

ELBP 

eye-level  blood  pressure 

EP 

esophageal  pressure 

MP 

mask  pressure 

HR 

heart  rate 

SV 

sirc^e  volume 

CO 

cardiac  output 

RVSV 

right  ventricular  stroke  volume 

RVCO 

right  ventricular  cardiac  ouqjut 
(RVCXlsfRVSV  X  HR) 

LVSV 

left  ventricular  stroke  volume 

LVCO 

left  ventricular  cardiac  output 
(LVCO=LVSV  X  HR) 

TAF 

Tactical  Air  Ftnce 

SD 

Intrndticdon 

standard  deviation 

The  imminent  incorporation  of  COMBAT  EDGE  into  the 
operational  life-support  inventory  of  the  U.S.  Tactical  Air 
Force  (TAF)  has  raised  stme  aeromedical  concerns  about 
its  safely.  Some  of  these  concerns  are:  barotrauma. 


pneumothorax,  excessive  transmural  vascular  pressures, 
possible  cardiac  valvulardamage,  and  possible  overdilation 
of  the  right  ventricle  following  -fC,.  Data  to  substantiate  or 
refute  these  concerns  cannot  be  easily  or  directly  obtained 
fromhuman  subjects.  Consequently  this  study  wasdesigned 
to  investigate  the  effects  of:  pressure  breathing  during  G 
(PBG);  the  anii-G  suit;  and  the  anti-G  straining  maneuver 
(AGSM),  on  a  number  of  hertMxIynamic  variables  in  the 
unancsthetized  miniature  swine. 

Methods 

Twelve  female  miniature  swine  weighing  55  ±  8  kg  were 
chronically  instrumented  through  a  midstemal  incision, 
using  sterile  technique  and  isoflurane/nitrous  oxide  anes¬ 
thesia.  Instrumentation  included  a  solid  state  pressure 
transducer  placed  into  the  left  ventricle  (LV)  through  the 
LV  free  wall,  between  the  two  papillary  muscles,  ap¬ 
proximately  one-third  the  base-apex  distance  from  the  base 
of  the  heart.  Another,  similar  transducer,  was  placed  into 
the  right  ventricle  (RV)  through  the  RV  free  wall  ap¬ 
proximately  4  cm  from  the  pulmonary  valve.  An  electro¬ 
magnetic  flow  transducer  was  placed  around  the  ascending 
aorta  and  around  the  pulmonary  artery,  just  distal  to  the 
pulmonary  valve.  The  lead  wires  from  the  four  transducers 
were  brought  to  the  ventral  neck  area  and  then  advanced 
subcutaneously  to  the  dorsum  of  the  neck,  just  craniad  to 
the  shoulders.  Approximately  1 1  cm  of  nylon  velour  had 
previously  been  glued  around  the  ends  of  the  wires  to 
ensure  a  good  skin  interface  for  healing  (6).  Appro.xi- 
matcly  1  week  prior  to  4G,  exposure  Teflon  cannulae  were 
placed  in  the  right  external  jugular  vein  (.3 1  cm  ID)  and  the 
right  common  carotid  anery  (.19  cm  ID).  These  cannulae 
were  used  at  the  rime  of  40,  exposure  for  passage  of  a  3  or 
8  French  solid  state  catheter-tip  pressure  transducer  into 
both  the  LV  and  the  RV  to  calibrate  the  implanted  trans 
ducers,  measurement  of  central  venous  pressure  (CVP)  at 
the  level  of  the  right  atrium  with  the  catheter-tip  transducer 
in  the  jugular  cannula,  measurement  of  aortic  blood  pre.s- 
sure  (AP)and  of  eye-level  blood  pressure  (ELBP)  through 
the  carotid  cannula  after  removal  of  the  caiheter-tip 
transducer.  At  the  rime  of  +G,  exposure  each  anima>  as 
fitted  with  a  face  mask  for  application  of  pressure  breathing 
(PB)  and  PB  during  4G,  (PBG),  a  chest  counterpressure 
garment,  and  eidier  an  abdominal  bladder  G-suii  (ABGS), 
or  an  extended  coverage  G-suil  (ECX3S).  The  ECGS 
covered  the  abdomen  and  rear  legs  down  to  the  feet, 
completely  enclosing  the  legs  with  a  ctmtinuous  pneumatic 
bladder.  The  chest  counterpressure  garment  was  inflated 
at  the  same  pressure  schedule  as  the  mask.  Pressure  came 
on  at  ^»proximately  4  G,  and  increased  at  a  rate  of  12 
mmHg^,  to  a  maximum  of  60  mntig  at  9  G.  G-suit 
pressure  was  standaid,  beginning  at  2  G,  wirii  a  rate  of 
approximately  1 .5  psi/G,  loamaximumof  10-1 1  psi  at  9G. 

Esophageal  imssure  (EP),  as  an  indicatOT  of  pleural  pres¬ 
sure  (5),  was  measured  with  a  1.5  x  6  cm  balloon  on  a 
catheter  containing  multiple  side  holes  within  the  balloon. 
The  balloon  was  guided  through  the  nose,  nasopharynx, 


10-2 


and  esophagus  to  heart  level  using  fluoroscopy.  The 
catheter  was  passed  thrcmgh  a  seal  in  the  mask  and  con¬ 
nected  to  an  external  pressure  transducer.  The  balloon  was 
evacuated  and  then  filled  with  1-2  ml  of  air.  ELBP  was 
measured  with  a  small  pressure  transducer  sewn  to  the  skin 
between  the  eyes  after  local  anesthesia  using  bupivacaine. 
The  transducer  was  connected  to  the  carotid  cannula  with 
a  saline-filled  pressure  line.  AP  was  also  measured  with  an 
external  transducer  mounted  at  heart  level  and  connected 
the  carotid  cannula  with  a  saline-filled  pressure  line. 
.Musk  pressure  (MP)  was  measured  with  an  external 
transducer  from  a  tap  on  the  mask. 

T welve  animals  were  exposed  to  a  continuous  30  s  pulse  of 
60  inmHg  PB  at  0  with  chest  counterpressure  suppcMi. 
but  without  G-suit  pressure.  Seven  animals  wearing  the 
HCGS  and  four  wearing  the  ABGS  were  exposed  to  a 
gradual  onset  rate  (GOR)-f<}^  profile  ofO.lG/s  to  8G(n=l) 
or  9  G  (n=lO)  with  and  without  PBG.  Five  animals  were 
exposed  to  a  5-9  simulated  aerial  combat  maneuver 
(SACM)  with  and  without  PBG  while  rearing  the  ECXjS. 
Ten  minutes  were  allowed  for  recoN.ry  between  each 
experimental  procedure. 


1  Pnsaura  Brttthing  »t  0 


Controt  10  sec  20  sec  30  sec 
LVP  (mHs)  1S2s19  181t26  I93t36  19Si35 

LVEOf  {rnmq]  lls9  $6tl3  61tl3  61tl0 

PMk  RVP  {mi^)  45tll  B9il7  95tl9  93tl8 

RVEDP  (aUlg)  lt8  48tn  S0tl2  49tl0 

AP  (wHg) 

systolic  iS3sl3  I76t23  180t25  180>22 

disstoltc  109ti4  138*19  139*19  142x21 

wsn  129*13  153*20  156*20  156*21 

CVP 

MX  21*7  63*6  65*5  64*5 

■in  2*9  46*6  49*7  47*7 

Man  11*7  54x6  57*6  56*5 

EP  (MHg) 

MX  12*4  67*3  71*5  71*5 

Min  -5*4  51*3  54*3  54*5 

■Mn  4*3  59*2  62*2  62x3 

MP  (MHg)  6*2  63*2  65*2  64*2 

LV5V  (mI)  26*10  19x7  20*8  18*7 

LVCO  n/p)  4  Ctl  1  3.1*  3  3  2*  9  3  0*  9 

RVSV  (Ml)  24*10  17*8  17*7  17*7 

RVCO  (L/m)  3.7*11  29*1.0  29*9  28*9 

NR  (b/a)  149x35  171*36  172x39  175*40 


The  data  were  digitized  at  200  Hz  and  formatted  beai-io- 
beat,  using  left  ventricularpressure  {LV  i  ')as  the  trigger  fex^ 
integration  of  aortic  and  pulmonary  flo  v  to  provide  stre^e 
volume  (SV).  Maxima,  minima,  and  rt,ean  of  all  (^essure 
data  were  taken  during  each  LVP  w  reform.  The  data 
were  analyzed  using  paired  and  unpaired  analysis  of 
variance.  The  number  of  animals  inc  uded  in  each  test  is 
indicated  at  the  bottom  of  each  table.  I  lowever,  because  of 
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plugged  cannula  and  instrumentation  failures  there  were 
missing  data  within  some  of  the  animals. 

Results 

Figure  1  illustrates  the  responseof  one  animal  loPBatOG^ 
Table  1  presents  the  mean  data  from  the  exposure  of  12 
animals  loPB  without +GjOrG*suil  pressure.  Note  that  EP 
accurately  reflects  MP.  Duringthc  first  lOspcakLVPlags 
behind  the  increase  seen  in  the  other  pressures.  Note  also 
that  LV,  RV,  and  CV  pressures  increased  by  approxi¬ 
mately  the  same  amount  (41-50  mmHg);  whereas.  AP 
increased  by  only  24-29  mmHg.  Stroke  volumes  and 
cardiac  outputs  decreased  by  20-34%,  whereas  heart  rate 
(HR)  increased  by  15  to  17%.  After  the  first  10  s  the 
increase  in  intravascular  pressures  ranged  from  70  to  85% 
of  the  MP  increase,  except  for  AP  which  increased  by  46- 
49%  of  MP.  During  PB  without  +G^,  transmural  pressure 
across  the  L  V .  R  V,  aona,  and  central  venous  area  decreased 
over  the  entire  30  s  period  compared  to  control. 

Figure  2  illustrates  the  typical  animal  response  to  a  GOR 
profile,  with  and  without  PBG.  while  wearing  the  ECXjS. 
Table  2  is  a  comnanson  of  the  ABGS  vs.  the  EGGS,  with 
and  without  PBG.  using  GOR  profiles  to  9  +G^.  There  was 
a  significant  din^erence  between  the  two  suits,  both  with 
and  without  PBG,  as  indicated  in  the  taUe.  Also.  PBG  had 
a  significant  effect  on  a  number  of  variables  within  the 
ABGS  data,  but  cmly  right  ventricular  cardiac  output 
(RVCO)  was  significantly  different  with  the  ECGS.  Note 
that  the  changes  between  PBG  and  no  PBG  with  the  ECGS 
are  very  similar  in  most  respects.  During  the  GC^  expo¬ 
sures  with  the  ABGS,  transmunl  inessure  decreased  with¬ 
out  PBG.  compared  to  control,  and  changed  little  with 
PBG.  With  the  ECGS.  transmural  pressure  increased  with 
or  without  PBG,  but  to  a  lesser  amount  with  PBG. 

Figure  3  and  Table  3  compare  the  PBG  effect  during  the  5- 
9  40,  SACM,  using  the  ECGS.  There  were  no  signiflcani 
differences  in  any  of  the  variables,  conqiaring  the  change 
from  control  to  the  fifth  9  -Kj,  peak,  with  and  without  PBG. 
Transmural  pressures  at  the  fifth  9  G  oqxrsure  were  in- 
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Fig  2  GOR  to  9  *Gj  with  and  without  PBG  (see  mask  pressure) 


creased  over  control,  with  or  without  PBG. 
except  AP  without  PBG.  which  was  de¬ 
creased  from  control.  In  contrast  to  the 
GOR  exposures  with  the  EGGS,  where 
PBG  reduced  transmural  pressures  com¬ 
pared  with  no  PBG,  transnuiral  pressures 
were  increased  by  PBG  during  the  5-9 
SACM  exposures  emnpared  to  no  PBG. 

Discussion 

One  of  the  objectives  of  this  study  was 
accomplished  with  the  demonstration  of  a 
dramatic  increase  in  intrathoracic  pressure 
(EP)  during  4G^,  with  contributions 
PBG,  the  AGSM  aixl  G-suit  pressure.  The 
substantial  increase  in  intrathtnacic  pres¬ 
sure  was  very  important  in  attenuating  the 
potentially  dangerous  transmural  vascular 
pressures  within  the  thorax.  There  is  also 
a  concern  within  the  aerontedical  commu¬ 
nity  that  following  high  G,  especially  high 
G  with  PBG,  RV  dilation  will  result  from 
a  surge  of  venous  return  to  the  heart  at  the 
offset  of  -fO^.  It  is  feared  that  repeated 
acute  RV  dilation  in  pilots  could  result  in 
chronic  dilation  and  possible  RV  pathol¬ 
ogy.  There  was  no  evidence  in  this  study 
of  an  abncMmal  surge  of  venous  return  with 
either  GOR  or  SACM  profiles;  or  from  a 
previous  study  using  ROR  exposures  to  3, 
5.  and  7  +0/60  s  (3).  CVP  and  RVP  de¬ 
clined  in  proportion  to  the  decline  in  +G^ 
and  G-suit  (Figs.  2  and  3). 


Table  ^  GOR  te  9  4&E 


Without  P66 _  . 

-With  PB6 

wnhDut  FK 

With  PB6 

Peak  IVP  (iPiHg) 

Control 

lS4t4 

at  9  6 
250*43 

166*17 

it  9  6 
222*77 

47*92;^ 

Cen^ol 

153*18 

ClMnq«  Control 
205*42*  144^16 

at  9  6 
352*19 

LVtOP  (niBHg) 

StlO 

54*34 

46*29* 

9*8 

77*20 

68*16'’ 

15*9 

166*25 

151*30* 

13*9 

165*28 

152*29® 

Peak  RVP  (mnHg) 

41s9 

100*28 

60*25* 

57*27 

106*29 

47*34j^ 

48*7 

179*35 

131*36* 

46*12 

163*26 

117*24® 

RVtOP  (nnHg) 

-6i7 

7*24 

13*24** 

0*11 

44*9 

49*15** 

2*6 

115*40 

114»40* 

1*9 

104*21 

103*17® 

AP  (nePig) 

systolic 

IS91-- 

211*-- 

42*--* 

155*8 

215*-- 

5S*--^ 

152*13 

319*58 

168*50* 

145*16 

305*43 

159*41® 

diastolic 

Il7t-- 

140*-- 

23*-' 

112*2 

162*-- 

51*-- 

106*15 

199*59 

93*60 

103*15 

209*47 

I07t43 

maan 

I39t” 

181*-- 

42*" 

132*4 

187*-- 

52*-- 

128*14 

251*51 

123*47 

124*16 

255*45 

131*42 

ClBP  (wMq) 

systolic 

187i-- 

8*-- 

-179*--* 

153*20 

38*-- 

-129*--^ 

148*16 

136*39 

-13*40* 

141*15 

135*43 

-6*43® 

diastolic 

113*-' 

-45*-- 

-158*--* 

104*5 

-3*  - 

-111*--“ 

99*14 

45*46 

-53*46* 

95*16 

53*34 

-43*32® 

mean 

138*-- 

-10*-- 

-148*--* 

126*11 

lOt- 

-123* 

122*13 

83*44 

-38*44* 

117*16 

89*38 

-29*35® 

CVP  (imMg) 

max 

16*7 

63*49 

47*51* 

15*9 

70*33 

55*41^ 

22*8 

146*32 

124*34* 

21*6 

145*31 

124*32® 

min 

2*10 

19*29 

17*37** 

4*11 

51*35 

48*45^ 

2*7 

103*40 

101*44* 

1*7 

106*30 

106*31® 

maan 

9*8 

38*35 

29*41** 

lOilO 

62*34 

52*44®= 

12*7 

126*32 

115*34* 

11*6 

126*31 

115*33® 

CP  (nnHg) 

max 

11*2 

99*60 

89*63 

10*6 

70*5 

60*n 

15*6 

103*23 

88*21 

12*3 

113*31 

101*31 

Mtn 

•:*$ 

59*102 

60*106 

1*7 

53*10 

52*17 

-2*8 

59*36 

61*41 

-4*4 

84*32 

88*33 

mean 

Ss4 

82*77 

77*81 

6*7 

62*7 

56*14 

6*7 

84*25 

78*26 

5*2 

99*28 

95*29 

HP  (miRIg} 

6*1 

5*2 

-1*3 

4*2 

58*7 

54*8 

6*1 

6*4 

0*4 

7*1 

53*4 

47*4 

IVSV  (ml) 

20*6 

13*3 

-7*7 

23*13 

9*3 

-11*11  1 

35*4 

19*5 

-16*6 

33*3 

21*7 

•11*8 

LVCO  (L/fl) 

3  4*. 9 

1  5*. 8 

-1  9*1.5 

3. 3*1. 6 

1.5*  4 

•1.9*1  6  ; 

4. 5*1.0 

1-8*. 8 

-2  7*1.1 

4. 2*. 7 

2.0*  7 

-2. 2*1. 4 

RVSV  (ml) 

20*6 

29*34 

9*33 

20*14 

13*8 

-7*6 

34*4 

23*13 

-11*16  . 

32*4 

24*9 

RVCO  (l/m) 

3. 4*. 9 

1.9*. 4 

-1.5*. 5 

3  4*1  9 

2  Itl  1 

■12*  9 

4  4*1.2 

2.6t.9 

-1.8*1. 6® 

4  1*. 9 

2. 7*. 8 

-1.3*1. 3® 

HR  (b/m) 

17Ss24 

128*84 

-46*105 

164*55 

178*17 

-9*32 

142*34 

109*50 

-33*62 

132*16 

111*50 

-21*53 

Data  arc  mean  i  SO;  0*4  for  A6SS;  n»7  for  tCSS 

a-d  Indicate  ilgnlficant  differences  betaieen  similarly  labeled  cKanges  at  p<.0S 
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3  5-9  SACM  wUft  ana  wiihajt  PBG  (see  mask  pressure) 


The  positive  differential  pressure 
across  the  c<Mt>nary  vascular  bed  ( AP- 
CVP)  during  both  the  GOR  and 
SACM  exposures  suggests  that  coro¬ 
nary  blood  flow  was  not  compro¬ 
mised. 

This  study  was  not  designed  to  com¬ 
pare  the  two  G-suits  that  were  uti¬ 
lized.  However,  the  striking  hemody¬ 
namic  improvement  seen  with  the 
ECGS  over  the  ABGS  deserves  re¬ 
porting.  The  performance  of  the 
ECGS  was  exceptional,  supporting 
peak  LV  and  RV  {nrssures  of  over 
350  mmHg  and  160  mmHg,  respec¬ 
tively.  and  end-diastolic  pressures 
(EDPs)  of  over  160  mmHg  and  100 
mmHg.  respe'*^- .  !y.  with  or  without 
PBGduringlhcGORcxposurcs.  Even 
at  these  high  pressures  left  ventricular 
stroke  volume  (LV  SV)  and  right  ven¬ 
tricular  stroke  volume  (RVSV)  de¬ 
creased  by  only  25%  to  45%.  The 
increase  in  LVP,  RVP.  AP.  and  CVP 
with  a  concurrent  decrease  in  HR. 
SV,  CO  and  dP/di  suggest  that  the 
major  effect  of  the  ECGS  is  an  in¬ 
crease  in  peripheral  resistance.  Any 
improvement  in  henK)dynamics  from 
PBG  with  the  ECGS  was  masked  by 
the  dramatic  increase  in  intravascular 
pressures  associated  with  G-re!ated 
pressurization  of  the  ECXjS.  during 
both  GOR  and  SACM  profjies. 


r«bt«  3  S-9  SACM  «Uh  CC6$ 


Without  P9G  _  _  With  PB6_ 


tWP  (iHiM^) 

Control 

lS3tl7 

Sth  9  6 
310*38 

Cbins, 

162*44 

Contry) 

IM*12 

ilhXS 

316x30 

LVtOP  (■Mtg) 

14t6 

180*26 

169*20 

12*9 

170x49 

156x54 

Peak  fiVP  (nnHg] 

ABilO 

194*52 

148*41 

51*13 

171x70 

119*66 

RVEOP  (opptg) 

•ltt3 

150*40 

149x27 

ItU 

130x65 

130x57 

AP  (oiiMg) 

lyStollC 

1S8*17 

243x27 

86x12 

156*10 

275*37 

119x32 

diastchc 

t09tl9 

189*36 

83x25 

107*12 

207x31 

100x22 

■ean 

I31tie 

214*32 

65x19 

131*12 

238x34 

107*26 

CLBP  (MMHg) 

syatolic 

166tl8 

86*12 

•67x8 

156*10 

107x41 

-49x43 

dtjstot  1C 

I02t20 

39*23 

-61x20 

100*13 

51x20 

-49x15 

Mkn 

I?5tl8 

56*20 

-66xlS 

ir4»i2 

73tZ9 

-51*24 

CVP  («i#*g) 

max 

:rtii 

150*26 

urt30 

r6»io 

137*52 

111*51 

Min 

-lt9 

125*23 

127x23 

1*10 

115x50 

114*49 

Mean 

I0t9 

136*24 

129x24 

12*10 

126x51 

114*50 

tP  {mhq) 

max 

14*4 

135*20 

120x22 

14*3 

102x28 

68x27 

min 

'3*4 

117*20 

120x20 

•5*3 

85x24 

90*24 

mean 

&*3 

126*20 

121x21 

5*2 

94*26 

69x26 

MP  (iMHg) 

7*0 

4*1 

-3tl 

7*1 

55*5 

48x5 

LVSV  (ml) 

^7t6 

11*3 

-14x4 

31*9 

12x3 

->8,8 

IVCO  (L/m) 

3  9*  . 9 

1  4*  3 

-2  1*1  0 

4  4,1.4 

1.7*. 7 

•2.7,1  • 

RVSV  (mt| 

?3*5 

10*7 

-13x2 

25,5 

14*2 

-11x3 

RVCO  (L/m) 

3  It.I 

1  3*. 5 

'18*  4 

3.5*.9 

1.9*. 6 

■1.6*. 5 

HR  (b/m) 

147*17 

140*32 

•8*26 

144*10 

141x35 

-3,37 

Dat«  art  Mtan  *  SO.  n«S 


These  data  substantiate  previousobservations 
by  others  (1,2,4)  of  a  significant  increase  in 
intravascular  pressures  with  the  application 
of  PB  without  acceleration.  The  PB  effect 
was  easily  observed  (Fig  1  and  Table  I) 
without  -Kj^.  However,  during  the  in¬ 
travascular  changes  related  to  PB  were  more 
difficult  to  separate  from  the  influence  of  the 
AGSM  and  G-suii  pressure  (Figs.  2  and  3  and 
Tables  2  and  3). 

In  conclusion,  although  this  study  does  not 
address  ail  of  the  concerns  listed  in  the  intro¬ 
duction.  such  as  barotrauma  and 
pneumothorax,  the  data  denxinstrate  that  the 
increases  in  intrathoracic  vascular  pressures 
were  supported,  in  a  large  part,  by  a  concur¬ 
rent  increase  in  esc^hageal  pressure  (reflect¬ 
ing  pleural  pressure),  thus  minimizing  large 
and  potentially  dangerous  transmural  pres¬ 
sures.  Moreover,  there  was  no  evidence  of  a 
surge  in  venous  return  to  the  RV  following 
+G^  and  PBG.  A  PBG  effect  could  not  be 
demonstrated  while  using  the  ECXjS.  The 
PBG  effect  was  most  likely  masked  by  the 
excellent  40,  protection  provided  by  the 
ECGS.  Additional  studies  are  needed  to 
mvestigatt  lower  G-suit  (nessures  for  a  belter 
definition  of  ECGS  performance  and  to  un¬ 
mask  the  PBG  effect. 
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SpUPARY 

Assisted  positive  pressure  breathina^  as  found 
in  the  COMBAT  EDGE  system^  was  shown  to  have 
distinct  advantages  and  disadvantages  concern¬ 
ing  subjective  opinion  of  the  systen  under 
sustained  acceleration.  Advantages  include 
subjects'  perceptions  of  the  systen  as  an 
advancement  in  G-protection  technology,  per¬ 
sonal  projections  of  increased  tolerance  to 
G-forces,  decrease  in  fatigue  due  to  a  lessen¬ 
ing  of  straining  naneuver  effort,  and  an 
increase  in  breathing  ease  during  acceleration, 
at  least  for  subjects  with  COMBAT  EDGE  experi¬ 
ence.  Disadvantages  include  an  increased 
incidence  of  arm  pain,  breathing  difficulties 
for  subjects  new  to  the  system,  and  a  tendency 
to  rely  too  much  on  the  system  in  lieu  of 
traditional  straining  maneuvers.  It  is  recom¬ 
mended  that  a  training  regimen  be  established 
to  address  these  issues  before  the  COMBAT  EDGE 
system  is  deployed  operationally. 

Positive  pressure  breathing  with  an  external 
counterpressure  vest  (known  as  assisted  posi¬ 
tive  pressure  breathing,  or  APPB)  has  been 
suggested  as  a  means  to  increase  G-tolerance 
and  endurance  (time-at-G)  which  would  give  an 
operational  flight  advantage  to  the  fighter 
pilot.  Pressures  of  45  to  70  mmHg  presented  to 
the  lungs  via  an  oro-nasal  mask  during  APPB 
have  been  shown  to  increase  6-tolerance  and 
endurance  by  increasing  intrathoracic  pres¬ 
sures,  reducing  the  mechanical  effects  of  6  on 
respiration,  and  reducing  the  amount  of  effort 
needed  to  perform  straining  maneuvers 
C2,5/6,73.  Experience  with  APPB  in  the  Royal 
Air  Force  (RAF)  of  the  United  Kingdom  has  shown 
that/  when  coupled  with  full-coverage  ant1-6 
trousers,  relaxed  G-tolerance  was  increased  to 
>8.3Gz  and  fatigue  was  reduced  to  a  minimus 
during  flight  C43.  Thus,  APPB  allows  the  pilot 
to  maintain  high-G  flight  profiles  for  longer 
periods  of  time,  as  well  as  perform  more  hi^-G 
profiles  in  succession. 

At  the  present,  the  U.  S.  Air  Force  is  prepar¬ 
ing  to  man-rate  an  APPB  apparatus  for  Inclusion 
into  a  new  G-proteetion  system  known  as  the 
Combined  Advanced  Technology  Enhanced  Design  6 
Ensemble  (COffiAT  EDGE).  However,  with  the 
fielding  of  the  COMBAT  EDGE,  questions  have 
arisen  aa  to  tha  affacts  of  APPB  on  the  normal 
flight  rtgima  of  pilots.  Subsequently,  an 
experimant  was  conducted  on  the  Dymnamic 
Environment  Simulator  (DES)  man-rattd  centri** 
fuge  at  Wright-Patterson  Air  Force  Bate,  Ohio, 
in  an  effort  to  obtain  subjectiva  responses  to 
APPB  while  subjects  were  under  sustained 
aectleration.  A  series  of  manned  regulator 
enginaering  tests  provided  an  early  opportunity 


to  obtain  subjective  data  which  may  help  predict 
the  range  of  pilots'  reactions  to  the  COMBAT  EDGE. 
Hopefully,  the  results  presented  here  will  elimi¬ 
nate  any  surprises  concerning  pilot  opinion  and 
degree  of  acceptance  during  operational  deployment, 
as  well  as  assist  in  identifying  important  training 
issues. 

METHODS 

The  COMBAT  EDGE  System.  Figure  1  depicts  the 
pressure  hose  leads  and  a  detailed  breakdown  of  the 
COMBAT  EDGE  apparatus.  The  anti-G  suit  worn  with 
the  ensemble  was  the  standard  CSU-13B/P  suit,  and 
was  worn  over  the  bottom  portion  of  the  counterpres¬ 
sure  vest.  The  pressures  to  the  anti-G  suit  were 
controlled  independently  of  the  mask  or  vest 
pressures  through  an  Alar  high-flow  G-valve»  The 
anti-G  suit  pressure  schedule  was  77.7  mmHg  (1,5 
psi)  per  4l6z,  with  pressure  onset  occurring  at 

for  a  maximum  pressure  of  621.6  to  699.3  mmHg 
(12  to  13.5  psi)  at  +9Gz. 


figure  1 

A  detailed  schematic  of  the  COMBAT  EDGE  System 


A  Litton  CRU-93  regulator  controlled  the  breathing 
pressure  to  the  MBU-20P  mask  and  cheat  counterpres- 
aure  to  tha  vast.  The  main  pressura  hoaa  from  the 
CRV-93  fed  into  an  Integrated  Terminal  Block  (ITB) 
which  split  off  to  provide  tha  tame  pressures  to 
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th«  Mask  and  vest.  Thus^  equal  pressures  uere 
assured  to  provide  approx  inately  or^to^one 
external  counterpressure  at  Lhe  chest  area  to 
those  pressures  beinq  delivered  to  the  lunqs. 

The  hel»et  uas  a  modified  HGLHSSP  heli»et  with 
an  occipital  bladder  which  inflated  slBultan-^ 
eously  with  the  onset  of  mask  pressure.  A 
small  pressure  Line  from  the  main  mask  hose  fed 
into  the  occipital  bladder.  This  assured  equal 
pressures  at  the  back  of  the  head  and  at  the 
mask  point-^of-contact  to  reduce  the  incidence 
of  the  mask  "riding  away  from  the  face." 

APPB  Profiles.  The  CRU-93  was  designed  to 
smoothly  deliver  pressures  at  a  rate  of  12  mmHg 
(0.23  psi)  per  4>16z,  with  an  onset  at  -fAGz. 

The  maximum  pressure  delivered  to  the  mask  and 
vest  was  60  mmHg  (1.16  psi).  Thus^  maximum 
pressure  occurred  at  t9G2.  The  reason  for  the 
manned  regulator  engineering  test  and  evalua* 
tion  was  to  determine  the  smoothness  and 
accuracy  of  this  pressure  profile.  Overall^ 
the  regulator  design  performed  reasonably  well^ 
although  some  problems  precipitated  a  redesign 
effort.  The  results  of  the  engineering  evalu¬ 
ation  are  to  be  addressed  in  a  future  report. 

H1qh-G  Sustained  Acceleration  Prof iley. 

Subjects  underwent  four  different  acceleration 
profiles  while  seated  in  the  cab  of  the  DES 
(Figure  2)  in  a  simulated  F-16  configuration 
seat  with  a  30  degree  seatback  angle.  The  four 
acceleration  profiles  are  depicted  in  Figure  3. 
The  first  run  was  +9Gz  maximum  with  a  gradual 
onset  rate  (GOR)  of  -fO.IGz  per  second  and  an 
offset  rate  of  -O.SGz  per  second.  The  second 
run  was  ‘^SGz  maximum  with  a  more  rapid  onset 
rate  (ROR)  of  tO.SGz  per  second^  a  plateau  of 
fifteen  seconds  in  lengthy  and  an  offset  rate 
of  -O.SGz  per  second.  The  third  and  fourth 
runs  were  identical  to  the  tS6z  ROR^  except  the 
maximum  6  levels  were  i-TGz  and  t9Gz/ 
respectively.  Each  subject  experienced  all 
profiles  during  a  half  hour  daily  session. 
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FIGURE  3 

Acceleration  Profiles 

a>  ■t9Gz  max  with  *•’0.1  Gz/sec  onset  rate^  -O.S 
Gz/sec  offset  rate; 

b>  '•‘SGz  max  with  +0.S  Gz/sec  onset  rate^  HD. 5 
Gz/sec  offset  rate; 

c>  ♦TSz  max  with  +0.5  Gz/sec  onset  rate,  -0.5 
6z/$ec  offset  rate; 

d)  +9Gz  max  with  +0.5  Gz/sec  onset  rate  and  -0.5 
Gz/sec  offset  rate. 


FIGURE  2 

The  Dynamic  Environment  Simulator  (DES) 

1)  Main  arm  drive  motor;  2)  Drive  pinion;  3) 
Main  rotating  travian  and  bull  gear;  AA) 
Hydraulic  pumps;  AB)  Trust  pad;  AC)  Upper  and 
lower  radial  pads;  5)  Cab;  6)  Cab  drive  motor; 
7)  Fork;  8)  Fork  drive  motor;  9a)  Rain  arm  axis 
slip  rings;  96)  Fork  axis  slip  rings;  10) 
Rotor-driven  counterweight;  11)  Experimental 
platform. 


Experimental  Design.  The  order  in  which  centrifuge 
subjects  experienced  the  high-G  profiles  was 
determined  by  the  requirements  of  the  regulator 
evaluation,  as  well  as  the  need  for  consistency 
with  centrifuge  tests  conducted  previously  at 
Brooks  Air  Force  Base,  Texas.  Because  of  the 
limitations  of  these  requirements,  the  order  of 
exposure  was  not  counterbalanced  to  eliminate 
learning  effects  for  the  subjective  evaluation  (the 
following  results  should  be  interpreted  with  this 
in  mind).  The  +96z  GOR  profile  was  always  followed 
by  the  ♦SGz  ROR,  the  +761  ROR,  and  the  ♦OGz  ROR 
profiles. 

four  major  categories  of  CORBAT  EDGE  system 
performance  obtained  through  verbal  protocol  at  the 
end  of  each  of  the  four  high-6  profiles.  The  first 
was  the  incidence  of  body  awareness  or  pain. 
Subjects  were  asked  if  they  were  aware  of  pain  or 
discomfort  in  any  body  part.  The  second  category 
was  straining  characteristics.  Subjects  were  asked 
if  they  had  used  a  straining  maneuver,  and  if  so, 
what  type  of  maneuver  was  used.  The  third  category 
was  mask  quality.  Subjects  were  asked  to  relate 
any  instances  of  mask  leakage  or  changes  in  mask 
pressure  smoothness.  The  fourth  category  was 
breathing  ease.  Each  subject  was  asked  to  give 
opinions  as  to  ease  of  breathing.  Unfortunately, 
non-parametric  statistical  analyses  of  these  data 
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vere  not  able  to  be  perforned  due  to  the  snail 
nunbers  In  each  cell.  In  addition^  the 
experimenters  recorded  any  incidence  of  extremely 
fast  and  deep  breathing  (hyperventilation).  Data 
were  also  collected  after  each  profile  concerning 
reasons  for  terminating  high*-€  exposure  during  the 
profile,  the  effectiveness  of  using  arm  wraps  to 
reduce  the  incidence  and  severity  of  arm  pain,  and 
talking  ability  during  APPB.  However,  the  nature 
of  these  data  did  not  allow  for  systematic 
collection  and  serve  as  anecdotal  evidence  only. 

If  a  subject  withdrew  from  the  study,  the  reasons 
for  this  were  also  noted. 

Ratings  concerning  seven  overall  categories  were 
obtained  through  a  questionnaire  administered  at 
the  end  of  all  four  high-6  profiles.  Subjects  had 
egressed  the  centrifuge  and  were  finished  for  the 
day  when  the  questionnaire  was  given.  The  seven 
categories  included  severity  of  petechiae  (tiny  red 
hemorrhage  spots  on  the  body,  nr  “6  measles**), 
overall  fatigue,  ratings  of  the  COMBAT  EDGE  as  a 
means  of  6-protection,  recommendation/rejection  of 
the  COMBAT  EDGE  for  use  in  the  cockpit,  choosing 
between  the  COMBAT  EDGE  and  the  standard  anti-G 
suit,  difference  in  personal  6-tolerance  while 
wearing  the  COfGAT  EDGE,  and  the  maximum  projected 
G-tolerance  while  wearirg  the  COMBAT  EDGE. 


Rgsy^is 

yerbal  Protocol  Re^ult^.  The  following 
results  were  obtained  by  averaging  responses 
across  subjects.  A  total  of  26  scorable  runs 
were  determined  for  the  +962  60R  profile,  27 
runs  for  the  eSGz  ROR  profile,  26  runs  for  the 
♦762  ROR  profile,  and  25  runs  for  the  +962  ROR 
profile.  Considering  all  profiles,  a  total  of 
104  scorable  runs  were  obtained. 

incidence  of  oain.  Table  2  shows  the  incidence 
rates  of  pain  in  various  body  parts.  Arm  pain 
was  the  most  often  reported,  followed  by  no 
pain  at  all,  leg  pain,  ear  pain,  buttock  pain, 
facial  pain,  and  rib  pain.  Rain  occurred  most 
often  during  the  ♦96z  ROR  run,  followed  by  the 
♦962  60R,  ♦TGz  ROR,  and  ♦562  ROR  profiles. 

TABLE  2 
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Subjects.  Eleven  male  subjects,  ages  26  to  39, 
participated  in  the  study.  All  subjects  had  passed 
detailed  physical  examinations  to  qualify  as 
members  of  the  Acceleration  Subject  Panel.  Other 
subject  characteristics  which  could  Influence 
responses  to  the  COMBAT  EDGE  system  Included  total 
number  of  sessions,  flight  experience  (6-exposure 
and  familiarity  with  positive  pressure  breathing), 
altitude  chamber  experience  (familiarity  with 
positive  pressure  breathing),  days  since  last 
centrifuge  run  (6-tolerance)  and  total  experience 
on  the  DES  centrifuge  before  the  study  (6-exposure 
and  6-tolerance)«  These  characteristics  are  shown 
in  Table  1. 


TABLE  1 

Pibhim  tor  SubMctlMi  Cvtouatton 
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Types  of  straining  maneuvers.  Table  3  shows  the 
most  common  types  of  straining  maneuvers  reported. 
Tensing  of  the  legs  was  the  nost  common,  followed 
by  no  straining  at  all,  tensing  of  the  abdomen,  the 
arms,  a  whole  body  strain,  the  chest,  the  buttocks, 
and  the  or  L-1  straining  maneuvers.  Straining 
was  required  most  often  in  the  ♦bBx  ROR  profile, 
followed  by  the  ROR,  the  <»96z  GOR,  and  the 
♦56z  ROR  profiles.  Two  interesting  types  of 
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subjective  reports  were  obtained  here  also.  There 
were  seven  instances  where  subjects  foraot  to  per¬ 
form  any  straining  maneuver  at  all,  even  though  it 
was  needed.  In  addition,  there  were  two  instances 
where  subjects  lost  vision  during  the  ror 
profile,  yet  spontaneously  recovered  their 
vision  at  plateau  with  no  straining  required* 

Ha^k  quality.  Table  A  shows  the  responses 
obtained  concerning  mask  quality.  No 
experience  of  mask  problems  was  the  most 
common,  followed  by  leakage  at  the  nose  and 
eyes,  leakage  at  the  chin,  general  seal 
Leakage,  mask  raised  away  from  the  face,  and 
mask  "chatter."  Hask  quality  decrements  occurred 
most  often  during  the  -^962  GOR  profile,  followed  by 
the  +962  ROR,  +762  ROR,  and  +562  ROR  profiles. 

TABLE  4 

Report*  of  Metk  Quality  (percentage*  in  parenthe*#*) 
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Breathing  ease.  Table  5  shows  the  subjects* 
ratings  of  breathing  ease,  as  well  as  the 
experimenters'  identification  of  hyperven- 
tflatfon  occurrence.  There  were  nine  instances 
where  subjects  were  breathing  extremely  fast 
and  deep,  and  the  results  of  these  occurrences 
ranged  from  "talking  the  subject  down"  Into 
more  normal  breathing  rates  to  where  subjects 
stopped  the  centrifuge  by  using  the  emergency 
B-stop  <B“Stop  is  defined  here  as  the  subjects' 
termination  of  the  high-G  profile  before  the 
prescribed  end  point).  Subjects  reported  more 
breathing  ease  than  breathing  difficulty, 
however.  More  difficulties  were  reported 
during  the  +962  GOR  profile  than  during  the 
other  profiles.  Conversely,  more  reports  of 
breathing  ease  were  obtained  during  the  +962 
ROR  profile  than  during  the  other  profiles, 

TABLE  S 
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AnecdQtal_da^8.  Table  6  shows  the  reasons  for 
subjects'  B-stops  which  ended  iheir  acceleration 
exposures  before  the  prescribed  time.  Notice  the 
overall  low  percentage  of  occurrence  (approximately 
12.5  percent).  Arm  pain  was  the  reason  most 
reported,  followed  by  breathing  difficulties, 
straining  forgotten,  vertical  nystagmus,  and 
fatigue.  8-stops  occurred  most  often  during  the 
+962  ROR  profile,  followed  by  the  +962  GOR  and  *76z 
ROR  profiles.  There  were  no  B-stop  occurrences 
during  the  +562  ROR  profile. 

TABLE  6 
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Two  subjects  withdrew  from  the  study.  Subjects  FF 
and  II  dropped  out  due  to  extreme  arm  pain.  It  was 
determined  during  the  standard  debriefing  period 
that  subject  FF  had  injured  his  right  elbow  within 
the  last  two  years  severely  enough  to  require 
corrective  surgery.  However,  this  subject  reported 
extreme  pain  in  both  arms  and  general  dislike  for 
the  system  as  the  reasons  for  withdrawal.  It 
should  be  noted  that  subject  FF  was  an  ex-pilot 
with  150  hours  of  flight  experience  in  the  F-16 
aircraft,  as  veil  as  5  hours  of  altitude  chamber 
experience.  Subject  II  reported  that  he  could  not 
raise  his  left  arm  due  to  extreme  shoulder/elbow 
pain  and  muscle  numbness  24  to  72  hours  after  his 
first  daily  session.  Consequently,  subject  II 
withdrew  from  the  study.  Subject  II  had  no  flight 
experience,  no  altitude  chamber  experience,  and 
only  4  hours  of  centrifuge  experience  before 
participating  in  this  COMBAT  EDGE  evaluation. 

The  high  incidence  of  pain  in  the  arms  was  most 
probably  due  to  the  shunting  of  blood  into  those 
body  parts  not  protected  by  external  counterpres¬ 
sure.  As  early  as  1966,  Ernsting  stated  that  a 
full  body  counterpressure  garment  used  with  postive 
pressure  breathing  would  eliminate  pain  due  to 
blood  shunting  and  blood  pressure  increases  in 
uncovered  areas  C1D.  Thus,  arm  wraps  (ACE  elastic 
bandages  or  surgical  support  hose)  were  used  with 
four  subjects  in  an  attempt  to  alleviate  arm  pain. 
For  two  of  those  subjects,  AA  and  68,  arm  pain  was 
eliminated  using  arms  wraps  during  a  total  of 
12  profiles  of  varying  6  levels.  For  subject 
EE,  arm  pain  still  occurred  during  the  +962  GOR 
and  +9Gz  ROR  profiles,  but  was  eliminated  at 
the  +562  ROR  profile.  Subject  HH  reported  no 
arm  pain  wearing  the  arm  wraps  until  the  +9Gz 
ROR  run,  where  he  could  manipulate  the  degree 
of  pain  by  squeezing  and  tensing  his  arms. 

Another  anecdotal  finding  concerned  talking 
ability  during  A^.  Two  subjects,  AA  and  FF, 
attempted  to  talk  during  the  +9Gz  ROR  profile 
while  at  plateau.  The  subjects  were  instructed 
to  repeatedly  coimt  from  0  to  9.  Subject  AA 
could  not  talk  during  the  first  two  runs. 

During  the  third  run  at  +9Gz  ROR,  talking  could 
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be  heard  but  net  undersiood.  Subject  ff  could 
not  talk  during  his  only  run  at  *9G2  ROR. 

Finally,  there  were  two  subjects  who  reported 
virtually  no  problems  with  the  syst«-m  (other 
than  intermittent  arm  pain),  and  thoroughly 
enjoyed  the  extra  high-G  protection  of  the  APP0 
capability  of  the  COlfBAT  EDGE.  The  first 
subject,  AA,  had  the  most  experience  with  the 
COnBAT  EDGE  of  any  of  the  subjects  (this 
subject  also  came  closest,  with  the  exception 
of  FF,  an  ex-F16  pilot,  to  emulating  an  exper¬ 
ienced  operational  pilot  in  terms  of  overall 
high-6/positive  pressure  breathing  experience). 
Conversely,  subject  KK  had  no  flight  experi¬ 
ence,  0.25  hours  of  altitude  chamber  experi¬ 
ence,  and  37  hours  of  centrifuge  exposure.  Yet 
this  subject  reported  that  ”1  couldn't  believe 
I  was  at  9  «,'• 

dtig^^ignnaire  fiysults.  Nine  of  the  eleven 
subjects  completed  the  Questionnaire.  It 
should  be  kept  in  mind  that  the  two  subjects 
who  withdrew  from  the  study  are  not  represented 
in  the  following  results.  One  subject  (FF) 
strongly  recommended  against  the  use  of  the 
COFBAT  EDGE  system  for  operational  deployment. 
Figures  A  and  5  show  the  results  of  the 
Questionnaire  in  graphic  form, 

Sey^ri^y  of .pytechiae.  When  compared  to  the 
standard  anf*-^  suit,  s.x  of  the  nine  solfjects 
said  that  tha  severity  of  petechiae  was  the 
same  or  better  (less  severe)  with  the  COHBAT 
EDGE  system  (Figure  4a). 
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Qverall.fatioy^.  When  compared  to  the  standard 
anti-C  suit,  all  nine  subjects  said  that 
fatigue  level  was  the  same  or  better  (less 
severe)  with  tha  C0H8AT  EDGE  system  (Figure 
4b). 

£S!B4UE(lL.iS.*.sii!:S-SJ.S;K!lTSliss.  •" 
nine  subjects  rated  the  COMBAT  EDGE  system  as 
either  jn  advancement  or  ”a  great  leap  forward** 
in  high-G  protection  (Figure  4c). 

UU-iil-iia-Sa!SiLJ2a£-ia  tbl  IgtttlT-  All 

nine  subjects  recommended  the  use  of  the  C0MBA7 
EDGE  system  in  the  cockpit  (see  Figure  4d). 

Four  subjects  suggested  changes  to  the  system 
before  deployment,  specifically,  custom-fitting 
of  the  helmet  and  mask  and  implementing  a 
training  program  aimed  at  f ami  I iariting  pilots 
with  the  system  under  simulated  6  before  use  in 
the  cockpit. 


FIGURE  4 

Questionnaire  Results 


given  a  choice,  seven  of  the  nine  subjects  would 
choose  to  be  protected  from  high  sustained  G  using 
the  COMBAT  EDGE  system  (Figure  Sa). 


Pjffyrence  in  personal  G-toleran«.  All  nine 
subjects  indicated  that  the  COMBAT  EDGE  increased 
their  6-tolerance.  The  average  change  in  6- 
toleraoce  was  an  increase  of  *2.26z  (Figure  5b). 


lull*  Subjects  were  asked  to  estimate  (project) 
their  maximum  C-toterance  when  using  either  the 
standard  snti-G  suit  or  the  COMBAT  EDGE.  The 
a 'erage  G-levcl  for  the  standard  suit  was  *8.9^2, 
while  for  the  COMBAT  EDGE  system  the  average  was 
+10.9GI  (Figure  5c). 


FIGURE  5 

Cuestionnaire  Results  (continued) 
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DISCUSSION 

Arm  pain  is  expected  to  cause  problems  during 
operational  deployment  of  an  APPB  system  for 
6-p'  .tection,  unless  counteracted  by  some 
method  of  arm  counterpressure  C13.  Although 
there  seems  to  be  wide  individual  differences 
for  incidence  of  arm  pain,  as  well  as  toler¬ 
ance  to  the  pain,  it  seems  likely  that  a  snail 
percentage  of  pilots  will  find  arm  pain 
unacceptable  due  to  the  APPB  portion  of  the 
COMBAT  EDGE  system.  In  addition,  breathing 
problems  due  to  "backwards"  breathing  patterns 
with  APPB  (passive  inhalation/forceful  exhala¬ 
tion)  seemed  to  be  prevalent  with  people  new 
to  the  system.  Straining  maneuvers  were  also 
fundamentally  changed  with  APPB.  Tensing  of 
the  legs,  followed  by  no  straining  at  all, 
were  the  most  common  types  of  straining 
effects  reported.  At  first  glance,  this 
aspect  of  APre  seems  to  confer  only  an  advan¬ 
tage  in  terms  of  increased  G~tolerance. 
However,  as  pilots  begin  to  rely  on  APPB  in 
lieu  of  a  traditional  straining  manuever,  they 
may  become  complacent  when  letting  the  system 
"do  the  work  for  them."  Under  extremely 
rapid  onset  (2  to  4  +62/sec),  as  found  in  F-15 
and  F-16  aircraft  C3],  pilots  cannot  rely 
solely  on  APPB  as  protection  against  G-induced 
loss  of  consciousness. 

These  three  points,  arm  pain,  breathing 
quality^  and  changes  in  straining  maneuvers, 
should  be  addressed  through  an  APPB  training 
program  designed  to  alert  pilots  to  these 
effects.  In  addition,  pilots  should  also  be 
alerted  to  the  advantages  which  APPB  may 
convey.  Reduction  in  fatigue  levels  and 
increased  6-tolerance  are  important  advantages 
which  should  be  stressed  to  facilitate  opera¬ 
tional  acceptance  of  APPB. 

CONCLUSIONS 

The  assisted  positive  pressure  breathing 
portion  of  the  COMBAT  EDGE  system  conveys  an 
added  dimension  of  G-tolerance  and  endurance 
for  humans  experiencing  sustained  accelera¬ 
tion.  Advantages  include  reduced  fatigue  oue 
to  lessening  of  anti-G  straining  maneuver 
effort  and  an  increase  in  tolerance  to  higher 
levels  of  6-force.  Disadvantages  include 
increased  arm  pain  and  the  need  for  training 
pertaining  to  modified  breathing  and  straininc 
techniques. 
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Have  you  ever  had  a  loss  of  consciousness 
episode? 

“I  can't  remember- 

Reponse  d'un  pitoie  de  chasse  amdricain  a  une 
cnqucie  anonyme  sur  les  penes  de 
connaissance  en  voK 


DlNTRODUCTION 

Lors  de  changement  de  direction,  les  pilotes  de  chasse  subisseni  pendant  le  virage  de  leur  avion,  des 
accelerations  qui  les  tassent  sur  leur  siege.  Elies  peuvcni  parfois,  etre  plus  nocives  et  provoquer  des  penes 
de  connaissance  en  vol  (PCEV),  Deputs  cinquante  ans  ccs  PCEV  ou  GLOC  (Gr  loss  of  consciouness), 
provoquees  par  les  accelerations  -rCz  d'installation  relativemeni  lenie  sont  attributes  a  une  cause 
clairement  orientte  vers  la  physiopathologie:  I’hypoxie  cerebralc  (Hy.C.).  Cette  explication 
physiopathologique  esi  aujourd'hui  admtse  par  Tensemble  des  speciaiistes  de  mtdecine  aeronautique. 

Cette  Hy.C.  est  constcutive  ^  Taccroissement  de  la  composante  hydrostatique  hpGz  de  pression 
sanguine.  Cette  composante  augmente  lintairement  avec  i’acctleration  Gz  (h  ttant  !a  hauteur  de  la  colonne 
sanguine  entre  le  cerveau  et  ia  base  du  coeur).  Gz  etant  colintaire  ^  I'axe  longitudinal  des  grands  vaisseaux 
aortocarotidiens  et  jugulocaves.  Ic  to-ce^  dinente  (on  parle  alors  de  charges  ou  de  "facteurs  de  charges" 
lorsqu'on  les  confond  avec  O)  s'opposent  k  la  progression  du  sang  vers  la  tete.  La  pression  hydrostatique 
augmentant,  la  somme  des  composantes  pression  motrice  et  pression  hydrostatique  de  la  pression 
sanguine  tend  vers  z^ro.  Des  tors  (a  distribution  sanguine  arterielle  a  tendance  k  s'effectuer  vers  les 
membres  inf^rieurs.  La  compliance  veineuse  ^tant  bien  sup^rieure  k  la  compliance  arterielle.  le 
ph^nomene  est  encore  plus  marque  dans  le  systeme  vasculaire  k  basse  pression. 

Schematiquement  le  lerritoire  cerebral  devieni  hypovascuiarise,  done  hypoxique. 

La  mise  en  pression  d'un  vetement  anti-G  (compression  de  Tabdomen  et  des  membres  inf^rieurs) 
s'oppose  k  ceite  redistribution  sanguine  vers  le  bas  du  corps.  C’est  done  un  excellent  moyen  de  protection 
contre  les  PCEV  d'installation  lente  (-fGz  GOR  -  gradual  onset  rate-  des  anglosaxons),  puisqu'il  augmente  le 
"temps  de  conscience  utile"  du  pilote.  cette  p^riode  de  temps  qui  pr^cide  la  perte  de  conscience. 

Non  seulement  cette  explicartton  est  d'une  grande  coherence,  mats  elle  est  de  plus  confirmee 
exp^rimentalement.  Notre  laboratoire.  parmi  beaucoup  d'autres,  s'est  attach^  depuis  des  ann^es  ^ 
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ameliorer  la  comprehension  du  phenonicne  tanc  au  poini  de  vue  de  la  physiologic  que  de  la 
biomecanique  cardiovasculaire.  IBorredon  (1,2.3.4,  ).  Liscia  (30),  Briane  &  Quandieu  (7.37),  Quandieu 
(38)  Tran  (47.48)1. 

L'hypoxie  cer^brale  ne  se  produit  pas  sans  creer  d’alteratlons  des  fonciions  sensorielles  et  les  troubles 
de  la  vision  sont  bien  connus  des  pilotes  de  chasse.  lls  se  traduisent  par  la  reduction  de  la  vision 
peripherique  (voile  gris)  puis  de  la  dispariiion  de  la  vision  centrale  (voile  noir)  precedani  immediatemeni 
la  PCEV.  L'echelle  des  temps  est  alors  de  la  dizaine  a  la  vingtaine  de  secondes  en  fonction  de  la  charge. 

Au  ddbut  des  annees  80  I'ameiioration  de  la  moiorisation  accroit  la  manoeuvrabilite  des  avions  de 
chasse.  En  effectuant  irds  vite,  des  virages  tres  serres  et  de  longue  duree.  les  pilotes  subisseni  des 
accelerations  -  fail  nouveau-  d'installation  ires  rapide  (+Gz  ROR,  rapid  onset  rate),  de  ires  forte  amplitude 
ei  de  tres  longue  duree.  Le  taux  de  variation  de  I’acceldration  est  connu  sous  le  nom  de  "Jolt".  II  sexprime 
en  G.s'^. 

Au  debut  de  ces  memes  annees  80  les  rapports  concernani  les  effeis  de  ce  nouveau  type  d'agression 
des  pilotes  de  chasse  font  eiat  dune  nouvelle  forme  clinique  des  PCEV,  essentiellement  marquee  par 
I'absence  de  voile.  L’individu  soumis  a  ces  accelerations  d'irsiallation  tres  rapide  ne  presenie  plus  les 
signes  visuels  d’alerte  si  utiles  pour  engager  une  manoeuvre  d’annulaiion  du  facteur  de  charge.  Cette 
nouvelle  sympiomatologie  fail  des  Gz-ROR  "un  vrai  probleme  majeur  de  securite  en  aeronautique 
miliiaire"  (Poirier  36). 

En  outre,  la  PCEV  est  parfois  concomiiante  de  la  mise  en  acceleration,  c'est  a  dire  que  le  temps  de 
conscience  utile  est  praiiquement  rdduit  a  ricn.  Enfin.  il  est  frequent  que  le  pilote  ne  se  souvienne  de  rien 
(amnesic  lacunaire). 

En  resume,  la  nouvelle  sympiomatologie  des  PCEV  engendrecs  par  les  accelerations  d'installation 
rapide  est  la  suivante:  immediate  (mais  peut  parfois  etre  retardee),  sans  prodromes  visuels,  sans  souvenir 
de  I'accideni. 

L’echelle  des  temps  quand  I'accident  est  precoce,  est  alors  de  la  seconde,  voire  infdrieure  a  la  secondel 

Malgre  ces  differences  capiiales  -  changements  des  caracterisiiques  physiques  de  I'agent  agrcssif  et 
changements  de  la  sympiomatologie  de  la  rdponse  •  les  milieux  mcdicaux  specialises  gardent  tout  son 
credit  k  I'diiotogie  hypoxique  selon  I'assertion: 

•Le  facteur  de  charge  est  plus  rapidement  etabli,  done  Thypoxic  edrebrale  egalemem! 

•CoroUaire:  puisque  l'hypoxie  est  immediate,  il  faut  metire  en  pression  le  pantalon  aniiG  precocemeni, 
voire  amiciper  son  action. 

Une  raison,  au  moins,  s’oppose  a  une  telle  explication,  elle  est  d’ordre  physiologique:  il  est  clair  que 
les  "temps  caracteristiques"  des  phenomdnes  physiques  mis  en  jeu  dans  cet  accident,  sont  de  plusieurs 
ordres  de  grandeur  plus  brefs  que  les  temps  de  rdponse  des  "phdnomenes  physiologiqucs"  sur  lesqucls  ils 
s'exercent. 

En  d'autres  termes,  nous  posons  rhypothese  qo'une  hypoxic  cdrebrale  nc  peut  ctre  crdec  en  quelques 
centaines  de  mitlisecondes. 

Une  autre  explication,  siriciement  biomecanique.  des  PCEV  d'insiallaiion  rapide  merite  d'etre 
envisagee.  Elle  ne  s'QPpose  oas  a  la  ihdorie  hypoxique  mais  elle  la  complete  et  s'appuie  sur  les  realiies 
suivantes: 

-le  pilote  se  trouve  subitement  placd  dans  un  champ  de  forces  de  forte  iniensiid 

-ces  forces  sont  des  forces  de  volume  el  non  des  forces  de  surface 

-le  comportemeni  mdcanique  dcs  structures  ncrvcuscs  est  de  type  visco  ^lasiioue 

-la  masse  sanguine  circulant  ^  i'int^rieur  de  I'enc^phale  possede  d'dvidentes  propridtes  d’inertie. 

Sur  ces  bases  I'hypothise  est  faiic  que  les  structures  nerveuses  c6ribralcs,  soumises  i  une 
acceleration  +Gz  i  fort  G/s,  deviennem  fonctiormcllcment  inefficaccs  non  par  manque  d'oxygene  (Hy.C.), 
mais  par  accroissement  brutal  des  comraintes  mecaniques  intracerebrales.  realisant  au  sens  strict  une 
hypertension  intracranienne  precoce  (H.I.C.). 

Des  lors  la  mise  en  pression  rapide  du  veiement  aniiG,  en  mcme  temps  que  la  prise  d'acceieration. 
deviendrait  potentiellement  dangereuse  en  risquant  de  creer,  au  niveau  cerebral,  un  "coup  de  beiier 
hydraulique"  dans  le  systeme  vasculaire.  ce  que  nous  aliens  nous  attacher  i  analyser. 

2)  Analyse  bibliographique 
AmvUtudt 

Les  nouvelles  g<n«rations  d'avions  d'armes  ddveloppenl  des  accdldrations  de  forte  inlensild  de  longue 
durde  et  surtout  dans  un  temps  d'installation  extremement  court.  Gilligham  (18)  rapporte  que  I'avion  AlO 
posside  un  jolt  de  10  G/s  et  Knudson  (24)  public  un  jolt  del8G/s  pour  le  F-I8. 

Ttmvs  Bhmioiofiiqiiti 

/D  **"*“'"  <**"*  temporale  prdcide  le  voile  gris  de  2  i  20  secondes 

(Felligra  34),  la  perte  de  vision  pdriphdrique  (voile  gris)  survient  pour  une  pression  andrielle  oculaire 
systohque  de  50  mm  de  Hg  (Burton  10;  Souder  45).  La  perte  de  vision  centrale  (voile  noir).  intervieni 
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alors  pour  une  pression  systoUque  de  20  mm  de  Hg  dans  I'artere  ophtalmique  (Burton  10;  Simmons  44). 

La  perte  de  conscience  est  en  general  plus  tardive  que  ia  perce  de  la  vision.  L'explication 
communement  rapportie  fait  intervenir  un  effet  de  siphon  (au  cours  des  acceUrations)  i.e.  la  fuiie  du 
sang  veineux  engendre  une  aspiration  du  sang  artdriel  ei  protege  le  cerveau  (Cl^e  15,  Howard  21,  Nickcll 
33).  Cette  explication  meriterait  d’etre  finemem  analysee  au  plan  experimental,  car  elle  ne  dent  pas 
compte  du  fait  fondamental  selon  tequel  il  n’y  a  d’effet  de  siphon  que  dans  les  tuyaux  rigides  et  ouverts, 
ce  qui  n'est  pas  le  cas  pour  le  systeme  arterioveineux,  essentiellement  assimilable  a  un  modele  de  tuyaux 
collabables  fermds. 

'THgutnce 

Les  PCEV  sont  des  accidents  connus  depuis  ie  ddbut  de  Taviaiion.  L’un  des  premiers  signe  de  voile 
decrit  dans  la  litterature  est  celui  survenu  chez  un  pilote  qui  pr^senta  une  "perte  de  vision  periphdrique" 
lors  de  la  competition  pour  I’actribution  de  la  coupe  Schneider.  Entre  1966  et  1971  Rayman  (40)  rapporte 
36  cas  de  PCEV  dans  TUSAF  ayant  entrajne  sept  fois  le  dec^s  des  pilotes.  Seuls  neuf  cas  sont  en  relation 
directe  avec  les  accelerations:  cinq  cas  sont  lids  ^  des  manceuvres  Ml  mal  pratiquees,  un  cas  est  du  a  une 
asystolie  au  cours  de  I'application  de  Gz  negatifs,  enfm  trois  cas  sont  dus  a  une  etiologie  qui  devait  etre 
reconnue  par  la  suite  comme  une  trop  faible  tolerance  aux  accelerations.  De  1970  k  1980  le  meme  Rayman 
(40)  denombre  dans  TLSAF  quarante  PCEV  dues  aux  accelerations  :  trente-sept  sont  lies  a  des  manoeuvres 
Ml  mal  pratiquees  et  trois  a  une  trop  faible  tolerance  aux  accelerations. 

Burton  (11)  et  Hood  (19)  rapportent  qu'entre  1980  et  1986  les  PCEV  ont  occasionne  ia  destruction  de 
trente  appareils,  au  moins,  de  TUSAF  (en  general  avec  mort  des  pilotes)  dont  8  F16  et  4  F15  capables 
d'accepter  des  facteurs  de  charges  trds  dleves.  Vingt  pour  cent  des  sujets  d'une  population  de  pilotes  de 
F16  interroges  de  fa^on  anonyme  reconnaissent  avoir  probablement  prdsentes  des  episodes  de  PCEV.  Au 
cours  de  la  troisieme  reunion  des  Flight  Surgeon  de  L'OTAN  (Ramstein  Air  Force  Base  1987)  il  a  ete 
rapport^,  que  10%  environ  des  1000  pilotes  de  chasse  de  I'USAFE  ayant  subi  un  test  dans  la  centrifugeuse 
de  Sdsterberg  selon  un  profit  d'acceleration  simulant  un  combat  aerien  modeme,  ont  presente  une  perte 
de  conscience;  140  de  ces  pilotes  par  ailleurs  reconnaissent  avoir  fait  au  cours  dun  vol  des  episodes  qui 
pourraient  etre  assimil^s  a  des  PC  n'ayant  pas  laisse  de  trace  dans  la  memoire  des  individus. 

Une  enquete  anonyme  de  I'armee  de  I’air  fran^aise  (1320  questionnaires)  rapportent  98  PCEV.  9 
pilotes  pensent  avoir  fait  une  amnesic  lacunaire  associ6e  (17). 

Siquence 

De  nombreux  auteurs  dtudient  aujourd'hut  ce  phdnomene.  Burton  (11),  Hood  (19),  Landry  (27), 
Lcguay  (28)  et  Whinncry  (51)  subdivisent  la  PC  en  deux  etapes  :  une  periode  d’incapaciie  absolue  ou  )a 
conscience  est  totalement  abolie  et  une  pdriode  d’incapacit^  relative  qui  s'accompagne  de  confusion  et  de 
disorientation.  La  premiire  phase  dure  de  15  a  30  secondes  selon  les  cas.  Whinnery  (52)  note  une  bonne 
corriiation  entre  la  durie  de  cetie  phase  et  le  niveau  d'acciliration.  Il  ajoute  que  la  P.C.  est  plus  longue  au 
cours  des  accilirations  d'installation  progressive  que  lors  des  accilirations  d'installaiion  brutale. 
Houghton  (20)  confirme  ce  fait  :  23,7  secondes  pour  les  acciliraiions  brutales,  32  secondes  pour  les  autres. 
La  phase  d'incapacite  relative  n'est  pas  corrilie  au  niveau  d'acciiiration.  elle  dure  en  moyenne  20  a  30 
secondes  (Hood  19)  et  Whinnery  (52).  Le  pilote  ne  retrouvc  sa  pleine  capaciii  a  faire  face  a  une  situation 
complexe  qu'au  bout  d'environ  trois  minutes.l!  (  Hood  &  Houghton). 

aperies  de  connaissona  sans  siftus  visueU 

Le  nombre  des  publications  concemant  les  PCEV  est  uis  ilevi  et  il  n’est  pas  question  d'en  faire  ici 
une  analyse  exhaustive.  En  outre,  les  acciliraticms  dont  il  est  question  ci-apris  ne  concement  que  les  Gz. 

"  Il  est  giniralement  admis  que  plus  le  temps  d'installation  des  accelirations  est  long,  plus  les 
possibilitis  de  mise  en  jeu  des  phinomines  de  compensations  physiologiques  interviennent  ".  C'est  ainsi 
que  s'exprimait  il  y  a  25  ans  dij^  Kydd  et  ses  collaborateurs  (22)  travaillant  sur  des  primates.  "Toute 
itude  concemant  la  tolirance  aux  accilirations  devrait  inclure  des  informations  concemant  la  nature  de 
raccildration".  Cette  rdflexion  apparait  dans  la  discussion  ou  Kydd  relate  les  travaux  de  Rossen  effectuds 
en  1943  lequel  interrompait  brutalement  la  circulation  sanguine  cdrdbrale  chez  I'animal  et  obtenait  des 
effets  identtques  4  ceux  engendrds  par  les  accdlerations. 

Par  consequent,  la  relation  "pression  sanguine  vs.  acceleration",  fait  intervenir  deux  fonctions:  la 
diminution  de  la  pression  arterielle,  elle-meme  fonciion  du  mode  d’applicaiion  des  accelerations  et  la  mise 
en  jeu  des  regulations  physiologiques  d’autant  plus  intenses  que  la  chute  de  pression  est  importante. 

Edelberg  (16)  en  1956  avan^ait  Thypothese  purement  thdorique,  que  la  contribution  des  reflexes 
physiologiques  mis  en  jeu  pour  lutter  efficacement  contre  les  accdiemtions  n'est  maximale  que  s'ils  ont  le 
temps  de  s'opposer  k  I'accroissement  de  la  composante  hydrostatique  de  la  pression  arterielle.  Ce  temps 
ndcessaire  i  I'adaptation  cardiovasculaire  suivant  Texcitaiion  des  baro-rdcepteurs  aortiques  et  carotidiens 
est,  approximativement,  de  huit  secondes. 

l/nt  notion  s’est  done  tout  de  suite  imposee:  la  presence  ou  Tabsence  de  prodromes  visuels  est  une 
fonction  du  temps. 

Pluta  (35)  montre  (dtude  en  centrifugeuse*USAFSAM)  que  la  PC  qui  survient  lors  de  la  mise  en 
acceleration  rapide  peut  ne  pas  s'accompagner  des  prodromes  classiques  de  voiles  gris  et  noirs  tels  qu'il 
est  de  regie  dans  les  applications  i  fons  facteurs  de  charges  lentement  etablis.  Une  enqudte  anonyme 
conduite  k  la  mime  dpoque  rapporte  un  episode  de  PC.(12%  des  pilotes)  pour  lequel  la  rtpidite 
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d  installation  de  I'accdl^ration  arrive  ^galement  en  preminT  lieu.  Cette  PC  sans  prodromes  est  d'autant  plus 
dangereuse  pour  le  pilote  que  "la  diminution  du  ch.^mp  visuel  pdripherique  est  un  excellent  signe 
d’alarmc”  (Wood  53). 

Jaron  et  coll. (26)  ftxent  it  IGz/s  la  limite  de  jolt  pouvant  provoquer  des  penes  de  connaissance  sans 
prodromes  visuels.  C'est  cette  valeur  qui  sera  prise  comme  reference  aux  U.S.A. 

Analyse  tU  CarticU  de  ‘Mivuury  fL, 'Burton  KX^BoU  Ta,'tddy  Characterization  of  the  resulting  incapacitation 

following  unexpected  +Gz  induced  loss  of  consciousness.  Cette  6tude  examine  les  PC  observ^es  en 
centrifugeuse  selon  deux  types  d'exposition  aux  Gz:  installations  rapides  2.5  Gz/s  et  6  Gz/s,  installation 
lente  0.1  G/s. 

Cinquante  cinq  PC  sont  rapport^es  (age  moyen  32,7  ans  ±6,2  (extremes  24  a  48).  Moyennc  des  G  +7,9 
Gz  ±1,2  (extremes  8-4Gz).  Distribution  scion  les  Gz.s'K  Gz.s‘l=0,l  62%,  Gz.s'l=2  52%.  Gz.s‘l=6  36%. 

Deux  modalitds  de  r6cupdraiion  soni  appr6ciees  et  d^fmissent  soit  une  incapacitation  objective  dite 
"incapacitation  totale"  (etcinte  d'une  alarme  visuelle  ou  sonore),  soit  une  incapacitation  subjective 
(apprdcide  par  I'observateur)  dite  "incapacitaton  absolue". 

Les  resultats  montrent  que  les  temps  d'incapacitation  totale  sont  de  34,9  s  (GOR).  24,8  s  (ROR)  et  que 
les  temps  d'incapacitation  absolue  sont  de  19,3s  (GOR),  de  12,2s  (ROR)  la  difference  eiani  exiremement 
significative.  Cette  ^tude  fait  apparaitre  clairement  I'existence  dc  deux  types  de  syndromes  qui  ne 
peuvent  etre  rapportds  aux  seuls  Gz.s‘l  puisque  les  temps  d'application  des  accelerations  sont  moins  longs 
pour  les  lancements  rapides  de  la  centrifugeuse.  Enfin  I'absence  de  memorisation  dc  la  PC  est  rapportee  en 
premiere  place  dans  la  liste  des  phenomenes  associds. 

Implicitement  les  auteurs  rapportent  les  ph6nomenes  observes  k  des  ph6nomene$  d’hypoxic.  quelles 
que  soient  les  vitesses  d'accdl6ration. 

Whinnery  et  Jones  souligneront  ult6rieurement,  la  frequence  de  I'amn^sie  lacunaire  chez  la  plupan 
des  sujets  qui  se  sont  soumis  volontairement  k  une  PC.  11  faut  parfois  les  convaincre  de  la  rdalite  du  fait, 
meme  si  quelques  uns  d'entre  eux  la  suspecte. 

A  noter  que  la  perte  de  connaissance  s'accompagne  parfois  de  mouvements  cloniques  cessant  ensuite 
spontan6ment. 

RapidiU  de  mise  en  pression  du  pantalon  anti-G 

L’effct  du  pantalon  anti  G  est  tout  a  fait  clair  du  point  de  vue  hemodynamique.  Son  efficacite  n'esi 
plus  k  ddmontrer  et  son  dtude  bibliographique  ne  sera  pas  reprise  ici.  En  augmeniant  les  resistances 
vasculaires  p£riph6riques  par  voic  externe,  il  am61iore  la  perfusion  cer6brale  et  diminue  la  migration 
sanguine  dans  les  vaisseaux  du  bas  du  corps,  (diminution  du  gradient  de  pression  entre  I'encephale  et  la 
base  du  coeur).  L’idde  dc  son  utilisation  en  pratique  chirurgicale  est  d6ja  ancienne  et  son  application  est 
aujourd'hui  d'usage  courani.  Brinquin  et  Coll  (9)  publicni  les  risuliats  dune  etude  conduite  chez  Thomme 
en  position  assise  concemant  I'utilisation  d'un  pantalon  anti  G  pour  lutier  contre  le  choc  neurochinirgtcal. 
Les  r6sultats  sont  lout  k  fait  d6monstrattfs.  Ils  sont  obtenus  pour  des  pression  de  30  mmHg  au  niveau  des 
membres  infiricurs  et  de  25  mmHg  au  niveau  abdominal.  Chez  le  pilote  -qui  lui  est  soumis  a  un  champ  de 
force-  les  valeurs  de  pression  atteintes  dans  le  veiemcnt  sont  dc  I'ordre  de  500  mmHg. 

La  ih^orie  hypoxique  adraise  meme  pour  les  forts  jolts,  justifie  les  rccherchcs  d’un  gonflement 
accel6r^  du  vgicmeni  anti-G.  Moore  et  ses  co]iaborateurs(32)  essaiem  (S  I'instar  de  Van  paucn-30-  qui 
lente  d'am^liorer  la  reserve  d'oxyg^ne  cerebral)  dc  d6veloppcr  un  veiemcnt  a  gonflement  pulse  en 
opposition  de  phase  avee  les  temps  dc  la  revolution  cardiaque  de  telle  sortc  que  la  baisse  de  pression  au 
niveau  de  Tenc^phale  soit  la  plus  faible  possible. 

Beaucoup  de  laboratoires  sont  k  la  recherche  d’un  autre  mode  de  protection  contre  les  effeis  des 
accelerations.  Mais  d'une  fa^on  generate  toutes  les  recherches  speculem  sur  dcs  bases  physiologiques. 
Krutz  et  Coll. (25)  esperent  une  amelioration  des  resistances  vasculaires  peripheriques  par  la  mise  en 
oeuvre  d’une  technologie  ameUoree  d’un  vetement  pneumatique  k  pression  uniforme.  L'ameiioration  des 

lois  de  comportement  de  nouvelles  valves  se  poursuit  (Meeker  et  coll.  31)  tandis  que  les  inconvenients 

d'un  dedenchement  irop  rapide  sont  surtout  rapportes  k  un  inconfon  plutdt  qu'i  un  risque  augment^  de 
perte  de  connaissance  (Raujezak  39). 

R.R.Burtoo(12)  analyse  les  diffirentes  m6thodes  dc  lutie  contre  Ics  effets  des  accdldrations.  II  souligne 
qu  un  certain  nombre  de  questions  n’ont  pas  encore  trouvd  de  r^ponse  en  matiire  d'6tablissement  d'une 
pression  intrathoracique  supihieure  A  100  mmHg  (  50  mmHg  de  respiration  en  pression  positive  associee  k 
100  mm  Hg  de  manoeuvres  antiG). 

Ceruins  auteurs  et  non  des  moindres  comme  E.Wood(53)  n’hdsitent  pas  k  dire  que  les  trAs  hautes 
pressions  apptiqudes  pour  maintenir  I'efficacitd  de  la  circulation  cdrdbrale  d’un  pilote  assis  et  soumis  k  de 
forts  facteurs  de  charges  peuvent  dire  potentiellement  dangereuses.  Get  auteur  d’ailleurs.  rappelant  Iss 
travaux  anciens  effectuds  dans  les  laboratoires  de  la  Califomie  du  sud  pose  k  nouveau  la  question  d’une 

position  allongde  des  pilotes,  celle  \k  mdme  qui  avait  dtd  envisagde  pendant  la  deuxidme  guerre  mondiale. 

Stnslytt  dtui  articU  de  x%,9*rtcn  (13)sur  les  conditions  de  rapiditd  de  mise  en  pression  du  vdtement  anti  G. 

L'auteur  analyse  lei  rdsultats  d’dtudes  conduites  chez  des  sujets  placds  en  centrifugeuse  et  soumis  A 
des  accdldrations  sous  jolts  croissanu.  Tous  les  sujeu  portent  un  pantalon  anti-G.  Le  vtiement  utilise  une 
valve  dleccrooique  programmable  avant  Texposition  aux  0,  quel  que  soit  le  niveau  de  la  charge.  Les 
rdsultats  montrent  que  la  toldrance  tous  6G/s  est  de  2,3  G  infdrieure  k  la  toldrance  mesurde  k  IG/t  (en 
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position  relach^e).  Cette  difference  est  attribude  au  temps  de  mise  en  jeu  des  baro-recepteurs.  Un  ddlai  de 
3,3  secondes  en  moyenne  du  gonflement  du  pantalon  antiG  ne  change  pas  la  tolerance  aux  accelerations 
(en  position  relSchee)  i  6G.s"'. 

Les  explications  physiologiques  donnees  par  rauteur  pour  les  Idgeres  differences  de  tolerance  aux 
accelerations  observees  chez  des  sujets  ddtendus  sont  relides  a  la  fonction  des  baro-recepteurs  (le  taux  de 
IG/s  donne  plus  de  temps  au  rdflexe  d'entrer  en  action).  II  n'en  reste  pas  moins  d'aprfes  Burton  que  la 
Vitesse  de  mise  en  acceleration  est  un  facteur  important  de  tolerance  aux  Gz  d'un  sujel  detendu.  Enfin,  une 
vitesse  de  gonflement  extremement  rapide  n'est  pas  necessairement  utile  et  peut  avoir  un  effet  oppose 
sur  le  confort  du  pilote  et  par  consequent  sur  son  acceptabilite. 

En  realite,  il  n’existe  pas,  i  noire  connaissance,  de  fails  experimenlaux  qui  demonireni 
definilivemenl  la  necessite  d'une  mise  en  pression  immediale  du  velemeni  anIi-G. 

3)RAPPELS  £l6MENTAIR£S  de  MfiCANIQUE 
Forces  de  surface  et  forces  de  volume. 

La  mdcanique  des  milieux  continus  distingue  la  mdcanique  des  solides  eiastiques  et  la  mdcanique  des 
fluides.  Le  cerveau  est,  au  plan  de  la  mdcanique,  un  milieu  continu,  caracterise  par  des  champs  m(r,t), 
P(r,t),  v(r,t)  T(r,t)... masse  volumique,  pression.  vitesse  d'ensemble,  lempdraiure... precises  en  chaque  point 
de  position  r  de  la  masse  cerdbrale  dtudide  et  4  tout  instant  t. 

Considdrons  le  cerveau  comme  un  systeme  physique;  le  volume  V  du  milieu  (cdrdbral  continu) 
intdrieur  i  la  surface  corticale  S  fermde.  On  distingue  deux  types  de  forces  qui  peuveni  etre  appliqudes  a 
I'encdphale:  les  forces  de  surface  qui  s'appliquent  ^  S.  les  forces  de  volume  (forces  it  distance)  qui 
s'exercent  sur  la  matidre  contenue  dans  V. 

Les  forces  de  volume  s'exercent  sur  chaque  dldment  de  volume  dv  de  sorte  que  la  force  agissant  sur 
un  dldment  de  position  r  d  I'instam  t  est  telle  que:  dFy=  fy(r,t)dv.  Habituellement  en  ndcanique  on 
s'intdresse  en  pratique,  au  seui  champ  de  pesanteur;  dans  ce  cas  Fy=  mG  oil  m  est  la  masse  volumique  de 
rdidment  de  volume. 

Contraintes  mdcanioues 

En  notant  dF^  la  force  de  surface  qui  s'exerce  sur  un  dldment  d’aire  dS  silud  autour  d'un  point  M  de  S. 
cei  dldment  dtant  caractdrisd  par  le  vecteur-surface  dS=n*dS  (i?  vecteur  unitaire  normal  a  S  et  dirigd  vers 

->  d?  -» 

I'extdrieur)  on  appelle  contrainte  en  M  le  vecteur  oil  ddfinit  la  densiid  superficielle  de  force. 

La  norme  de  la  contrainte  a  done  les  dimensions  d'une  pression  (Pa).  Le  vecteur  peut  etre  considdrd 
comme  la  somme  d'une  contrainte  normale  i  S  et  d'une  conuainte  langenlielle  (vecteur  contenu  dans 
le  plan  tangent  en  M  i  S) 

Si  la  contrainte  s'exerce  vers  I'extdrieur  du  cerveau  elle  est  dite  de  traction,  vers  I'intdrieur  elle  est 


Figure  1:  lorsqu'un  petit  cube  didmentaire  de  matidre 
edrdbrale  de  cotd  dx.dy.dz  est  en  dquilibre  I'ensemble  des 
forces  auxquelles  il  est  soumis  est  dquivalent  d  0.  On  montre 
que  la  matrice  reprdsentative  de  |t]  dans  un  repdre  Oxyz  jouit 
des  propridtds  mathdmatiques  qui  ddfinissent  un  tenseur,  elle 
est  done  appelde  tenseur  des  contraintes  dans  lequel: 

Txx  est  la  contrainte  de  tension  dans  la  direction  de  x  sur 
la  surface  normale  d  I'axe  x 

Txy  est  la  contrainte  de  cisaillement  dans  la  direction  de  y 
sur  la  surface  normale  d  I’axe  x 

Zxz  csi  la  contrainte  de  cisaillement  dans  la  direction  de  z 
sur  la  surface  normale  d  I'axe  x  etc.. 

Quand  des  variations  de  contraintes  sont  engendrdes  dans  un  dldment  de  volume  didmenuire  elles 
provoquent  des  variations  de  gdomdtrie  dans  ce  volume  didmentaire  qui  correspondent  d  la  superposition 
de  trois  ddplacements:  une  translation,  une  rotation,  une  ddformation  qui  est  seule  crdatrice  d'une 
"dilatation'  et  d'un  "glissement"  (la  translation  et  la  rotation  dtant  des  ddplacements  d'ensemble). 

Au  total  pour-  un  petit  dldment  de  volume  de  masse  volumique  invariable  en  dquilibre  dans  un  champ 
de  forces  on  doit  considdrer  I’dtat  des  contraintes  et  I'dtat  des  ddformations. 

■Solide  dlastinue.  solide  nlaatiaue 

Un  corps  dans  I'dtat  solide  $e  ddforme  sous  Taction  de  contraintes  tangentieiles.  Cependant  sous 
Taction  d'une  contrainte  tangentieile  donnde  il  atteint  ndeessairement  une  position  d'dquilibre  au  bout 
d'un  temps  plus  ou  moins  long  (en  cas  contraire  se  serait  un  fluide).  Si  ia  ddformation  ainsi  acquise 
disparait  entidrement  le  solide  est  dil  diastique  s'il  retrouve  sa  forme  initiale;  dans  le  cas  contraire  il  est 


dite  de  compression. 
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dit  plastique. 

Dans  les  conditions  nonnales  chez  le  vivant.  le  cerveau  est  done  un  solide  elastique.  Mais  il  possdde 
dgalement  des  propri^tds  mdcaniques  de  viscosit^:  son  componement  sous  I'effet  de  I'application  d’une 
force  est  celui  d’un  solide  visco6tastique  dans  lequel  les  contraintes  sont  tides  aux  deformations  et  aux 
vitesses  des  deformations. 

Nous  considdrerons  dans  ce  qui  suit,  que  le  crane  osseux  est  rigide  devant  le  tissu  cdrdbral  qui  sera 
considdrd  comme  mou  dans  le  cas  d'application  d'une  charge.  Le  caraetdre  "mou”  est  une  caraetdristique 
physique  qui  ne  doit  pas  etre  confondue  avec  I’aspect  "flasque"  de  la  pidee  anatomique. 

Equilibre  des  milieux  continus  ddformablcs 

Nous.mddecins  spdcialistes  de  mddecine  adronautique  avons  toujours  pris  comme  modele 
mathdmatique  appliqud  au  componement  mdcanique  des  structures  biologiques,  le  modele  de  la 
dynamique  du  point  materiel 


F=m  r 

Or,  les  organes  anatomiques  peuvent  difficilement  etre  assimiles  a  un  point  matdriel.  Le  modele  est 
doic  insuffisant,  celui  de  la  dynamique  des  milieux  continus  deformables  sans  etre  totalement  satisfaisant 
ejt  ddjd  plus  proche  de  nos  probldmes: 

D?v  o  +  1?  -  p  Y  =0 

dans  lequel: 

p  Y  est  la  densitd  de  force  d'inertie  par  unite  de  volume 
^  est  la  densitd  de  force  de  volume  (par  unite  de  volume) 

ofv  o  rend  compte  du  comportement  du  tenseur  des  contraintes  lors  de  la  variation  de  Tun  des  deux 
autres  paramdtres. 

Une  action  sur  la  densitd  de  force  de  masse  oar  uniid  de_volume  ne  peut  prendre  naissance  Que  si  le 
'’temps_phvsique’'  d'application  du  facteur  de  charge  esL  suffisamment  grand  devant  le  "temps  biologiQue  ’. 

Si  le  "temps  physique"  d'application  du  facteur  de  charge  (cf  infra:  "temps  caraetdristiques"  de 
D.Gaffid)  n'est  pas  suffisamment  grand  devant  les  temps  de  rdaction  biologiques.  ce  sont  les  contraintes 
qui  augmentent. 

Enfin  si  y  augmente  irop  et  trop  viie.  les  cffeis  mdcaniques  sur  les  structures  cdrdbralcs  ddbordent  les 
possibilitds  des  regulations  physiologiques. 

4) pROPosrnoN  d'un  modele 

Viscription  (fyun  2). 

Dans  une  premidre  approche  du  comportement  biomecanique  de 
I'encephale  on  se  conientera  de  considdrer  cei  organe  comme  une 
masse  sphdrique  deformable  enfermde  dans  une  enveloppe 
(ofalement  rigide  (le  crane),  le  cerveau  dtant  sdpard  de  cette 
enveloppe  par  un  film  liquidien  (le  liquide  cdphalo  rachidien).  Le 
cerveau  lui-meme  est  compose  de  deux  phases: 

•une  phase  solide  (le  tissu  nerveux) 

-une  phase  liquide:  ic  volume  sanguin 

contenu  dans  un  systdme  vasculaire  complexe  a  I'intdrieur  de  la  phase 
solide. 

Le  systdme  vasculaire  est  arborescent  selon  la  description  la  plus 
classiquement  didmentaire  du  systdme  arteriel  vers  le  rdseau 
capillaire  puis  du  rdseau  capillaire  veineux  vers  le  systdme  collecteur 
de  retour.  La  gdomderie  des  gros  troncs  vasculaires  est  coudee  pour 
prendre  en  compte  les  difficultds  des  dcoulements. 

‘DeiPi  paramitru  sont  d  itudut  dans  u  modiU: 

'les  contraintes  dont  les  variations  d’amplitude  sont  reprdsentdes  par  une  dcbelle  de  gris 
•les  ddformations  globales  lidcs  d  la  diminution  de  la  masse  sanguine  sous  I'effet  des 

acedidrations  (redistribution  vers  la  partie  bassc  du  corps).  Les  comporicments  mdcaniques  appliquds  d 
ces  diffdrentes  structures  sont  les  suivanis: 

'purement  rigide:  erSne  osseux 
-fluide  et  faiblement  visqueiix  :  LCR 
•viscodlastique  pour  la  matidre  edrdbrale 

5) ANAL0GIE 

L'imige  d'une  dponge  gorgdc  de  liquide  sur  laquelle  s'exerce  une  force  manuelle  (  bien  qu'il  s'agiase 
d'une  force  de  surface,  nous  Tassimilerons  d  une  force  de  volume  i.e.  accdldration  d'insullation  leme) 
pennet  d'dclairer  notre  propos: 


:.cs  eoniriint*!  Mejnlqu**  int:«-cc4nl«rr«» 
•one  {lqjr4«i  «n  tehtlt*  grt* 

Figure  2:  Proposition  d'un 
_ moddle _ 
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*si  la  pression  sur  ceite  eponge  esi  suffisammcni  lentc, 
les  contraimes  m^caniques  dans  Tdponge  ne  seront  jamais 
trfes  dlev^es  car  le  fluide  ayant  le  temps  de  s'cchapper, 
r^ponge  ne  presente  pas  de  resistance  et  la  pression 
manuelle  reste  faible,  mais  de  longue  durde  (figure  3  haul). 

*les  termes  de  la  proposition  prec^dente  s’inversent  si  la 
pression  sur  Tdponge  cst  trhs  rapidcment  rdalis^e,  les 
contraimes  mecaniques  intraspongieuses  s'dlevent  tres 
fortement  avec  la  pression  manuelle  car  le  fluide  n’ayant  pas 
eu  le  temps  d'etre  exprimd  k  I'ext^rieur  oppose  une  resistance 
maximale  (figure  3  bas) 

Dans  cet  example  d'application  de  la  loi  d'action  et  de 
reaction,  la  viscositd  du  fluide  est  dvidemmem  un  facteur 
determinant  quant  a  ses  possibilites  d'^coulement  hors  de 
reponge. 

L'exemple  que  nous  avons  pris  devient  un  peu  moins 
trivial  si  on  realise  la  meme  experience.  I’eponge  etani  cette 
fois  plongee  dans  un  vase  rempH  de  liquide.  On  sent  bien 
intuitivement  que  I'expression  du  liquide  hors  de  i'eponge  * 
done  le  niveau  des  contraintes  dans  I'dponge-  est  directement 
fonction  de  la  pression  dans  le  vase,  et  non  seulement 
fonction  de  la  vitesse  d'application  des  forces  manuelles. 

Meme  si  la  pression  sur  I'dponge  est  suffisamment  lente. 
les  contraintes  mecaniques  dans  ses  parois  sont  d'autant  plus 
dlev^es  que  la  pression  exterieure  est  plus  grande! 

5.1. Hypotheses 

S.i.iSTTVts  'jyts  5<cctL%tsm(yH5  in,  s^^rLiruin  irr  ^  Qzs^ .  (*Qz  QO!H] 

La  pression  dans  I'dponge  (encephale)  est  maintenant  le  fait  d’une  force  de  volume  (acceleration). 

Dans  le  cas  des  accelerations  ^fGz  de  forte  amplitude  et  k  faible  Gz.s*^  I'interpretatioo  qui  prevaui  en 
maiiere  de  PCEV  est  evidcmmeni  une  interpretation  de  type  physiopathologique. 

Lts  accelerations  -fGz  interviennent  de  fa^on  majeure  en  fonction  de  leur  amplitude  et  de  leur  duree 
(cas  classtque  de  la  tolerance  aux  accelerations  proposee  par  A.StolI  46*  fig. 4).  La  cible  est  la  composante 
hydrostatique  de  pression  sanguine.  L'effet  est  celui  d'une  redistribution  de  la  masse  sanguine  vers  la 
partie  inferieure  du  corps.  La  consequence  est  une  hypoxie  cerebrale  avec  apparition  des  voiles  gris.  puis 
noir  et  perte  de  conscience  au*deU. 

Les  contraintes  intratissulaires  restent  dgales  k  elles-memes  ou  augmentent  peu  et  ne  sont  de  toute 
maniere  pas  nocives. 

Figure  4.  Courbe  de  tolerance  humaine  aux 
accelerations  d’apres  Stoll  (46). 

Ce  graphique  etabli  en  1956  donne  la  tolerance  aux 
accelerations  +  Gz  en  fonction  du  temps  . 

Au  del^  de  la  courbe  en  trait  plein  existe,  quelque  soit 
le  niveau  d'acceieration.  une  perte  de  conscience  du  pilote. 
En  de^e  de  la  courbe  en  pointilie,  le  pilote  conserve  une 
conscience  normale. 

La  zone  hachuree  constitue  la  zone  des  voiles  : 
transition  continue  depuis  le  rdtrdcissement  du  champ 
visuei  p^riphdrique  jusqu’au  voile  noir  et  la  perte  de 
conscience. 


5.1.2.  5fyVOTfftSLS  SVf.L’ES  TiTEflS  fnS  *-QZ  V'^MFLFJVin  50US 

(*gzfS>t) 

Dans  ce  cas  I'interpr^tation  qui  prdvaudrait  en  mati^re  de  PCEV  serait  de  type  purement 
biom6canique.  Les  accelerations  +Gz  intcrvicndraicni  de  fa^on  majeure  par  leur  amplitude  et  surtout  leur 
vitesse  d'application. 

La  cible  ne  serait  plus  la  composante  hydrostatique  de  pression  sanguine  iniravasculaire.  mais 
niveau  de  contraimes  mecaniQuei  intratisauUirea. 

Les  effets  d'inertie,  de  viscostte  et  probablcmeni  de  geometrie  du  systime  vasculatre  sopposeratent  a 
une  expression  de  la  masse  sanguine  hors  de  I'encephale.  II  n'y  aurait  pas  d'appariiton  d'une  hypoxie 


Mm  mtjtm  Mt  M  nr  rMnntm  M  <• 

MMM 


Erftt*  fl**  Kctliratlons 
(Tinsttllatlen  rapida 


Figure  3.  Hypotheses  sur  les  effets  des 
modalites  d'application  des  accelerations 
-fGz  sur  les  contraintes  intraerSniennes. 
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Figure  5:  Representation  graphique 

En  haut:  Cas  d'une  prise  de  virage  serre  mais 
lentement  dtablt  i.e.  5Gz  sous  !G/s  (graphe  aKAu 
centre:  cas  d'une  prise  de  virage  serre  rapidement 
etabli  i.e.5  Gz  sous  5G/s  (graphe  b). 

En  has^granhe  c)  schema  d'une  P-C  par  HIC 
avec  cessation  immediate  de  I'acceierztion. 

Les  traits  en  pointilie  tndiquem  ce  que 
deviendrait  le  niveau  de  contraintes  intra- 
encephaliques  si  la  redistribution  sanguine  hors 
du  crane  ne  se  faisait  pas. 

cerebrate  faute  de  temps.  La  perte  de  conscience 
seraic  alors  due  I  une  augmentation  brutale  des 
contraintes  intratissulaires  cerebrales  engendrees 
par  Tapplication  brutale  des  forces  de  volume. 

Les  contraintes  etant  homogenes  e  des 
pressions,  la  PCEV  serait  bien,  au  sens  strict,  tres 
exactement  due  h  une  brutale  hypertension 
intracr^ienne  (H.I.C.). 

5.2.1^iements  de  representation  eraohigue 

Oes  lots  (a  representation  graphique  de 
I'hypothese  d'hypertension  intracranienne  est 
donnee  figure  n^’S.  pour  laquelle  I'axe  des 
ordonnees  figure  en  haut* 

les  variations  positives  des  pressions 
intratissulaires  et  en  ba$  les  variations  negatives 
de  la  masse  sanguine  intracdrebrale  pour  chacun 
des  graphes  a,b.c. 

S.2J.  ais  ^S£  'xn,  MIS 

‘xsTXBu  {Sgzsovs  iQ/s,  gvvpm 

Au  debut  de  I'application  du  facteur  de 
charges,  les  contraintes  mecaniques 
intracerdbrales  augmentent  avec  les  forces  de 
volume  appliquees  ^  I'encephale  (trait  plein>a 
haut).  Puis  la  diminution  du  volume  sanguin 
intracerebral  (viscoeiasticite)  intervenant  en  son 
temps  (a  bas),  les  contraintes  mecaniques 
diminuent  (haut)  tandis  que  le  risque  s'accroit 
d'atteindre  le  seuil  d'hypoxie  precede  des  voiles 
gris  et  noir.  En  quelque  sorte.  le  cerveau 
"beneficie".  (en  terme  de  diminution  du  niveau  de 
contraintes  mecaniques)  de  la  diminution  de  la 
masse  sanguine  intratissulaire,  ii  en  "souffre”  (en 
terme  d'oxygenation). 

S.2.2.  ££  CA5  mST  'DT  VltJigT. 

IT  mmu  (5  QZSOUS  sg/s  grapfu  b). 

Nous  admettons  pour  des  facilites 
d'explication  que  cette  amplitude  d'acceieration 
atteint  le  seuil  critique  de  tension  mdcanique 
intracr&nienne.  Li  encore,  au  debut  de 
Tapplication  du  facteur  de  charges,  les  contraintes 
mecaniques  intracerebrales  augmentent  avec  les 
forces  de  volume  appliquees  \  rencdphaleCb  haut). 
Mais  elles  continuant  d'augmenter  et  atteignent  le 
seuil  critique  d'H.LC.  car  le  volume  sanguin 
intracerebral  est  sequestre  dans  son  enceinte  de 
confinement  crintenne.  En  quelque  sorte,  le 
cerveau  "souffre”,  (en  terme  d'augmentation  de 
contraintes  mecaniques).  de  ce  qu'il  "beneficie", 
(en  terme  d'oxygenation)  de  la  conservation  de  la 
masse  sanguine  intratissulaire. 


Contraintes  nUcaniques 
IntraUribroUs 


Volume  sanguin 
IntraUrebral 


Contraintes  mecaniques 
Intraceribrales 


IntraceriSral 


Contraintes  mecaniques 
Intraceribrales 


Vobtme  sanguin 
IntraciribraC 
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Des  lors  la  PCEV  est  immediate  et  la  sideration  fonctionneile  des  structures  nerveuses.  sans 
prodromes  visuels.  peut  expliquer  I'amnesie  lacunaire. 

6)  Elements  de  v£rihcation  analytique  (38) 

Ce  chapitre  ne  sera  que  tr^s  rapidement  evoqu^,  car  il  est  tr^s  precisement  developpe  dans  ['article 
de  Gaffi^  et  coll,  (cf  infra). 


Le  domaine  d'^tude  est  tel  que  la  boite  cranienne  est  rigide,  le  lissu 
vaisseaux  sanguins  a  un  comportement  viscoelasuque  et  baigne  dans  le 
newtonien.  La  mod^lisation  adoptee  repose  sur  une  etude  decouplee 
viscoelastique.  des  fluides  p^ripheriques  et  de  Tecoulement  du  sang  dans 
Nomenclature 


nerveux  qui  integre  un  reseau  de 
liquide  cephalorachidien  visqueux 
du  comportement  du  materiau 
le  systeme 


K(z)  Rigidity  du  tube 

f  Loi  analytique  de  profil  de 

vitesse  longitudinale 
L  Longueur  du  tube 

P(z,t)  Pressioo  dynamique  du 

sang 

Pe(2,t)  Pression  ext^rieure 

s'exerQant  sur  la  paroi  laterale 
du  tube 

P((z,t)  Pression  transmurale 

T  Variable  d'espace  de  la 

direction  transversale 


R  Distance  de  I'axe  ^  la  paroi 
Ro  Rayon  au  repos 

S(t.z)  Section  du  tube 

So  Section  du  tube  au  repos 
t  Variable  de  temps 

U(2,t)  Vitesse  moyenne 

V2  Vitesse  locale  longitudinale 
z  Variable  d’espace  de  la 
direction  longitudinale 


F  acceleration  ceniriftigc 

F2  Composante  axiale  de 

I’acceleration 

a(z.t)  Fonction  introduite  par 

I'integration  radiale 
p  Masse  volumique  du 

sang 

Tp  Contrainte  visqueuse  moyenne 
de  cisaillement  a  la  paroi 


Figure  6:  Maillage  de  I’enc^phale 
(code  d'dUments  finis) 


6.n  Comportement  de  I'encephale  et 
du  L.C.R. 

L'etude  experimentale  concer- 
nant  la  determination  des  contraintes 
intracdrebrales  sera  conduite  a  partir 
d'informations  obienues  sur  les 
deformations,  e'est  la  raison  pour 
laquelle  un  code  d'eiements  finis  est 
en  vote  de  developpement  au  sein  de 
la  division  de  biomecanique  du 
CERMA. 

Le  maillage  necessaire  a 
I'utilisation  de  ce  code  est  reproduit 
figure  6. 

Toutefois  les  premiers  resultats 
qui  seront  exposes  plus  loin  ont  ete 
obtenus  sur  une  structure  plus 
simple. (cf:  les  niveaux  de  contraintes 
maximales  dans  le  tissu  nerveux  sous 


une  acceleration  de  6  Gz.  §6.4). 

On  etudie  deux  cas  limites: 

a)  cerveau  viscodlastique  seul  pour  lequel  les  evolutions  du  champ  des  contraintes  sent  obtenues 
numeriquement  par  elements  finis 


b:  cerveau  rigide  dans  le  L.C.R.  pour 
lequel  la  deformation  du  film  visqueux 
est  donnee  par  I'equation  de  la 
lubrtfication  (42) 


a2h  ,  3h/at  Po 

.3,nR4-j^  =M(I 

integree  sur  la  base  du  cerveau 
rupposee  rigide  et  rdsolue 
numeriquement  par  un  schema  explicite 
en  temps.  Ces  deux  modeies  foumissent. 
au  cours  du  temps  ,  les  champs  de 
contraintes  dans  la  masse  cdrebrale  et 
dans  le  L.C.R.  respectivement.  Its 
deiivrem  un  ordre  de  grandeur  des 
perturbations  qui  affectent  recoulemeni 
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sanguin  decnt  ci-apr^s. 

Modelisation  de  i:ccQulemcnt  iangyin 

Le  choix  est  fait  de  mod^Hser  par  un  tube  equivalent  elar^que  unique  un  ensemble  de  vaisseaux 
possedant  des  caractdristiques  physiques  voisines.  Ces  tubes  equivalents  sont  ensuite  relies  pour  obtenii 
un  module  du  systeme  complet.  Le  tube  equivalent  dans  lequel  s'ecouie  un  fluide  visqueux  incompressible 
est  soumis  h  Taction  simuhan^e  du  cceur.  d'une  distribution  de  pression  exterieure  s’exer^am  sur  lee 


6.3  ILa  loi  de  lube _ ffi£uge_8L_cst  raopelee  cn  raison  de  son  importance 

Le  couplage  entre  le  comportement  mecanique  du  fluide  ei  de  la  paroi  est  pris  en  compte  par  une  loi 
d'etat,  la  loi  de  tube  suivante:  P-Pg=K(z)P(S/SQ).  La  forme  analytique  P  est  non  lineairc  par  rapport  a  S. 
Ainsi  la  c^ldrit^  de  propagation  des  ondes  depend  fortement  de  Tetat  local  et  insiantand  du  tube.  Si  la 
pression  transmurale  est  positive,  le  tube  est  dilate,  son  comportement  est  quasi-rigide  de  sorte  que  la 
c^ldritd  des  ondes  dans  la  paroi  devient  ir^s  grande.  Dans  le  cas  contraire.  le  tube  subit  un  ecrasemeni.  il 
devient  moins  rigide  et  la  c€ldriie  est  plus  faible.  Mais  s'il  est  collabe  avec  un  ^coulement  persistant  il 
prend  une  forme  d'halteres  et  Ton  voii  la  cel6ritc  augmenter  h  nouveau  (figure  n®8). 

En  function  du  type  de  perturbations  rencontrdes,  des  6coulemenis  supercritiques  (1)>C )  sont 
observables  qui  peuvent  etre  suivis  de  chocs  de  transition  au  regime  subcritique  (^i). 


La  figure  n^9  donne  les  niveaux  de  contrainte  maximale  dans  le  tissu  nerveux  sous  une  acceleration 
de  +6  Cz.  Dans  la  zone  inf^rieure,  la  contrainte  d^passe  la  pression  des  veines  collectrices  de  Tencephale 
prise  commc  r^f^rence  (650  Pa).  La  figure  n®  10  montre  la  variation  de  pression  du  fluide  ecrasd  a  la  base 
du  cerveau.  au  cours  du  temps  a  1  et  7  G/s. 

Dans  ce  dernier  cas  (hypothdse  de  perturbation  brutale)  la  pression  de  r6ference  est  atteinte  aux 
environs  d'une  secondc.  L'ecrasement  du  tube  dquivaleni  lors  de  Tapplicaiion  d’une  distribution  de 
pression  exterieure  sur  sa  paroi  laterale  est  montre  figure  n®ll.  Cette  distribution  engendre  des  ondes 
parieiales  qui  se  propagem  le  long  du  tube  et  font  apparaitre  des  collapsus  vasculaires.  Ces  deformations 
soulignent  une  brusque  modification  du  regime  de  T^coulcment  sanguin  (cf:infra:  etude  de  Gaffie  et 
collaborateurs). 

Ainsi,  Les  premiers  rdsultats  de  la  modelisation  indiquent  bien  qu'une  accdldration  +Gz  d'installation 
rapide  pourrait  engendrer  une  augmentation  des  contraintes  m^caniques  dans  le  tissu  nerveux. 


Figure  n®9: 

Contraintes  intrac6r6brales 


FigurelO:  Pressions  comparatives  ii  U  base  du 
erSne  pour  des  acedidrations  de  diffdrencs 
taux  de  variation 
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Figure  n°ll.  Les  brusques  modifications  du  rdgime  de  I’dcoulement 
sanguin  (cf:infra:  diude  de  Gaffid  et  collaborateurs)sont  d  I'origine  de 
chocs  aux  transitions  des  regimes  subcritique  d  supercritique  de 
I'dcoulement  sanguin 


6.5.  HvooUidses  sur  les  effets  de  la  mise  en  nression  du  nantalon  antiG. 

Quels  sont  les  effets  hypothdtiques  de  I'augmentation  des  rdsistances  vasculaires  pdriphdriques  de  la 
partie  infdrieure  du  corps,  relativement  aux  rdsultats  qui  viennent  d'etre  obtenus? 

En  d'autres  termes:  d  quel  moment  le  vetement  antiG  doit  il  dtre  mis  sous  pression? 

Les  hypothdses  sur  les  effets  du  vetement  antiG  sont  synthdiisdes  sur  la  figure  n°12.  II  esi  tout  d  fait 
indispensable  de  noter  I'existence  d'un  facteur  d'dchelle  des  temps  qui  peut  dtre  extremement  important 
(soixante  par  example  quand  la  mise  en  accdidralion  passe  de  0,1  Gz.s~^  d  6  Gz.s'^). 

Comma  prdeddemment,  I'axe  des  ordonndes  donne  en  haut  les  variations  positives  des  contraintes 
inlratissulaires  et  en  bas  les  variations  ndgatives  de  la  masse  sanguine  intracdrdbrale. 

Dans  le  cas  des  accdldrations  d  faible  Gz.s-'  (graphe  a  en  haut),  I'augmentation  des  rdsistances 
vasculaires  pdriphdriques  de  i'abdomen  et  des  membres  infdrieurs  par  pression  du  vdtement  antiG.  tend 
d  s'opposer  d  la  diminution  de  la  perfusion  sanguine  cdrdbrale.  Elle  a  done  un  effet  bdndfique  sur 
I'oxygdnation  du  tissu  nerveux  central  ce  qui  est  bien  connu  et  utilisd  depuis  un  demi  siecle. 


Selon  le  param^re  considere.  il 
permet  soil  de  supporter  un  plus  grand 
nombre  de  G  pendant  un  temps  donn^» 
soil  d’augmenter  le  temps  de  conscience 
utile  pour  une  valeur  constante 
d’acceleration. 

L'effet  sur  les  coniraintes 
mecaniques  intracdrdbrales  resie 
mineur  lorsque  la  compression  de  la 
partie  basse  du  corps  est  suffisamment 
retardee. 

Dans  le  cas  des  accelerations  a  fort 
Gz.s-  (graphe  b,  en  bas),  le  champ  de 
torce  volumique  ayant  ei^  eiabli  en 
quelques  centaines  de  millisecondes, 
I’augmentation  des  resistances 
vasculaires  peripheriques  basses  tend  a 
augmenter  faiblement  la  perfusion 
sanguine  cerebrale  si  la  mise  en 
pression  du  veiement  esi  rapide.  Par 
conire,  laugmeniation  des  resistances 
peripheriques  basses  augmente  la  post 
charge  ventriculaire.  Ses  effets, 
particulieremeni  l’effet  "coup  de 
belier  hydraulique",  se  distribuent 
prefereniiellemeni  au  territoire 
supracardiaque  augmentant  encore  le 
risque  de  perte  de  conscience  (utilisation 
du  concept  d’onde  :  transfer!  d’energie 
sans  transfert  de  maii^re). 


Au  travers  de  cette  remarque  se  fail 
jour  I'imporiance  dun  troisieme  facieor: 
la  valeur  instantan^e  de  la  pression 
arterielie  au  moment  de  I'application  du 
facteur  de  charges. 

La  pression  arterielie  intervicnt  au 
travers  de  ces  differentes  composantes: 

*la  chronologie  de  la  revolution 
cardiaque  et  I'instant  d'application  du 
facteur  de  charge 

*Iu  valeur  maximale  de  la  pression 
arterielie  elle-meme  fonciion  de 
plusieurs  param^tres  dont: 

-I'etai  physiologique  du  pilote  (emotion, 
stress. ..)i.e.  niveau  du  tonus 
sympaihique,  des  taux  de 
catecholamines  el  hormones 
hypertensives  circulanies  etc... 

(inotropisme  myocardique):  cet  etat 
basal,  physiologique,  de  la  pression 
arterielie.  propre  ^  chaque  pilote  a  un 
moment  donne  (sensibiUte  individuelle). 
esi  certainement  un  des  parametres 
essentiels  dans  ratieinte  du  seuii  critique  d’HIC. 

-le  volume  d'ejection  systoiique  qut  peut  etre  egalement  fonctiun  de  la  valeur  instantanee  du  facteur 
de  charge. 

Ces  difi^renis  aspects  m^ritent  d'etre  s^rieusement  examines  car  ils  permettront  sans  nul  doute  de 
r^pondre  un  jour,  ^  cette  angoissante  question  : 

Pourquoi  tous  les  pilotes  soumis  k  une  acceleration  sous  fort  jolt  ne  presentent-ils  pas  ,tous 
identiquement,  une  PCEV  ? 

Ce  serait  manquer  de  lucidite  de  croire  que  la  reponse  est  donnee  par  la  seule  existence  de  cette 
sensibilite  individuelle,  que  nous  venons  d'evoquer.  Ce  serait  en  outre  imettre  qu'il  n’y  a  pas  de  parade 
envisageable.  En  fait  ce  qu'il  faudra  connaitre  e'est  le  niveau  de  pression  intracranienne  auquel  se  situe  le 
seuii  de  PC.  Plus  tard  il  faudra  ^tudier  les  conditions  physiologiques  de  fluctuations  de  la  pression  autour 
de  ce  seuii. 

Dans  notre  hypoth^se,  I'agression  physique  impose  le  niveau  du  seuii  de  tension,  I'^tat  physiologique 
determine  I'amplitude  des  fluctuations  autour  de  ce  niveau.  C'est  6videmment  sur  ces  fluctuations  que 


Contraintet  macaniquM 


Volume  sanguin 
intracArAbral 


Contraintas  micaniqLias 
Intracar4bra)ea 


Volume  sanguin 
IntracarMral 


Figure  12:  Hypotheses  sur  '.es  effeis  aune  mise  en 
pression  rapide  du  veiement  anliG  au  cours  d’une 
acceleration  d'invStallation  lente  (en  haul)  et 
d’installation  rapide  en  bas. 
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nous  pouvons  iniervenir. 

Les  Etudes  suivantes  ne  pr^tendent  pas  donner  la  solution,  mais  elles  nous  apponent  des  elements  de 
rdflexion  et  quelques  elements  de  reponse  sur  ce  delicat  probl^me. 

7)NIVEAU  DE  PRESSION  ARTERIELLE  ET  SEUIL  CRITIQUE  DE  H.IC 

V.l.Chronologie  de  la  revolution  cardiaoue  et  instant  d'anplication  du  facteuLde  charge 

En  se  souvenant  que  seule  la  diastole  est  susceptible  de  presenter  des  variations  de  duree,  en 
consid^rant  la  figure  n°13  qui  rappelle  les  durdes  des  differemes  sequences  de  la  revolution  cardiaque, 
prenons  les  deux  cas  d'espdce  suivants: 

1)  le  coeur  d'un  pilote  d'avion  de  chasse,  battant  a  une  frequence  de  120  bpm  et  soumis  a  une 
acceleration  de  -FbGz,  k  raison  d’un  taux  de  variation  de  0,5  G/s 

2)  le  meme  pilote,  dont  le  coeur  bat  toujours  a  120bpm  subit  ^  nouveau  +6Gz,  sousI2Gz/s 

Dans  le  premier  cas,  12  cycles  cardiaques  ont  le  temps  de  se  produire  pendant  la  duree  de 
I'accroissement  de  la  charge  avant  I'application  maximale  des  -i-b  Gz.  Dans  le  second  cas,  le  cceur  n’effectue 
qu'un  seul  cycle  pendant  toute  la  phase  de  variation,  considdree  comme  lineaire  entre  iGz  et  6Gz! 

On  congoit  aisement  que  les  effets  sur  le  syst^me  cardtovasculaire  de  ces  deux  modalites  d'application 

de  facteurs  de  charges  risquent  d’etre  tres  differents. 

Dans  le  premier  cas,  la  redistribution  sanguine  vers  le  bas  du  corps  dont  nous  avons  deja  parle,  a  le 
temps  de  s'effectuer  autant  dans  le  reservoir  veineux  que  dans  le  lit  arteriel.  Elle  engendre  par  inefficacite 
du  retour  veineux  une  diminution  progressive  du  volume  de  remplissage  ventriculaire,  done  une 
diminution  de  la  precharge  ventriculaire  (en  premiere  approximation,  la  force  exercee  par  la  masse 
sanguine  telediastolique).  Par  consequent,  elle  favorise  I'etablissement  dune  faible  pression  arterielle  au 

maximum  d’installation  du  facteur  de  charges  qui  va  etre  contrebalancee  ulterieurement  par  les 

de  la  regulation  de  la  pression  arterielle  qui  ont  largement  le 

Ceci  est  bien  connu  et  a  ete  rapporte  comme  un  6tat  de  "surprise 
du  cceur”  qui  precede  les  regulations  neurohormonales  (Borredon 
1-3). 

Lors  d'une  acceleration  a  fort  taux  de  variation,  on  peut  supposer 
que  la  charge  etant  totalement  etablie  sur  une  seule  revolution 
cardiaque,  la  prdcharge  ventriculaire  est  directement  fonction  de 
la  valeur  instantanee  de  I'acceieration  et  s’en  trouve  multipliee 
d'autam.  Le.  svnehronisme  de  la  premiere  ondee  svstolique  et  de 
I’acceieration  SQiis_fort  iolt  risque-t-il  alors  d’etre  determinant 
pgiir  rattgim?  <iti  ssuil  criiiquc  d'HlC.? 

Deux  hypotheses  extremes  peuvent  etre  envisagees. 

a)  Le  diSut  d'une  sj^toU  coweidt  avu  U  dihut  dt  CacciUration 

Les  deux  evenements  som  parfaitement  synchronises  (figure 
n°14).  Les  effets  de  I’acceieration  commencent  a  se  faire  sentir 
au  debut  de  la  relaxation.  Dans  I'exemple.  I'acceieration 
s'effectuant  sous  12  G/s  la  valeur  maximale  du  facteur  de 
charges  est  atteinte  au  debut  de  la  systole  suivante. 

*Au  cours  de  la  phase  systolique  isovolumique  la  precharge  est 
maximale  puisqu’elle  s'exerce  sur  un  volume  telediastolique 
dont  la  masse  plusieurs  fois  acceieree  intervient  de  fagon 
majeure  sur  la  pression  motrice  (le  ventricule  doit  pousser  un 
volume  telediastolique  140  cc,  qui  oppose  une  force  resistante 
superieure  I:  0,140*6M).840  daN  (la  masse  volumique  - 1 ) 

*Au  cours  de  la  phase  systolique  isotonique,  la  post-charge  est, 
en  premiere  approximation,  egalement  tres  eievee  puisque 
I’effet  normalement  favorable  de  stockage  du  sang  dans  le  syste- 
me  compliant  veineux  n’ayant  pas  lieu,  les  resistances  arterielles  peripheriques  sont  multipliees  par  6,  en 
raison  de  la  rapidite  d'application  du  champ  de  force  (500  ms).  Cest  seulement  au  cours  de  la  revolution 
suivante  (850  ms  apres  le  debut  d’application  du  facteur  de  charges)  que  va  commencer  la  diminution  du 
volume  telediastolique  par  sequestration  partielle  du  sang. 

b)  Le  dihut  d'une  diastole  comdde  avu  (e  dibut  de  CaeciUratum  (fy  iS). 

Les  deux  phenomenes  sont  desynchronises  et  les  effets  sont  opposes  k  ceux  qui  viennent  d'etre 
decrits. 

L'accroissement  du  facteur  de  charge  pendant  la  phase  isotonique  exerce.  certes,  un  effet 
defavorable  mais  encore  limite  puisque  la  charge  mdcanique  maximale  est  atteinte  k  la  fin  de  la  pdriode 
de  relaxation  tandis  qu'apparaisseni  les  effets  de  deplacement  solide  des  fluides  intravasculaires. 

Alors  que  raafiCCi  cbronolORiaue  de  la  relation  ”revoiution  cardiaQuc-acceieration"  est  aisement 
abordable  conceptuellement,  la  relation  "volume  teiediastolique-acceieration"  ndeessite,  par  contre.  la 
mise  au  point  d’un  modile  de  ventricule  qui  prenne  egalement  en  compte  le  niveau  de  contraintes 
mecaniques  dans  le  myocarde  ventriculaire. 


differentes  composantes  physiologiques 
temps  d'etre  mises  en  oeuvre. 
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7.2  Variation  du  volume  i41ediastoliaue  avec  le  facleur  de  charges:  modele  de  vemricule  (Briane  ei 
collaborateurs _ S.6.7.8^. 


Le  ventricule  est  mod^lise  par  un  cylindre  vertical  a  paroi  dpaisse.  La  section  inferieure  du  cylindre 
(I'apex  ventriculaire)  est  libre  alors  que  la  section  superieure  n'est  soumise  qu'i  une  deformation  radiale, 
permettant  au  cylindre  de  garder  sa  forme  cylindrique  pendant  la  deformation.  La  paroi  est  constituee 
par  un  fluide  incompressible  dans  lequel  baigne  des  fibres  eiastiques  (figure  16). 


Ces  fibres  forment  deux  rdseaux  d'hdlices  reguliires  de  meme  axe  que  le  cylindre.  Leur  orientation 
varie  de  maniere  continue  dans  ia  paroi.  Ces  deux  rdseaux  sont  symdtriques  par  rapport  ^  un  plan 
passant  par  I'axe  du  cylindre  si  bien  que  Ton  ne  prend  pas  en  compte  la  torsion  du  volume.  La 
deformation  radiale  et  longitudinale  est  mesurde  par  rapport  i  une  configuration  de  reference,  dans 
laquelle  n'existe  aucune  contrainte  mdcanique.  L'dtude  suppose  de  grandes  deformations. 

La  loi  d'orientation  des  fibres  r(R)  varie  lindairemem  )t-7(r)  emre  Tangle  Fq  i  Tendocarde  (R  =  Ri)  ei 

Ri+Re-2R 

-Fg  H  Tepicarde(R=  R.)  suivant  la  loi:  F(R)=  F„(  — g  •  „ —  ) 

Ki-Ke 


7.2.1  ‘Zmvt  trt  LA  irt70itjiCxnoH.77c.  la  fimpi 

On  definit  le  coefficient  1  d'allongement  du  cylindre  par  z  =  I  Z 

L'incompressibilite  locale  du  fluide  dans  la  paroi  s'ecrit:  rdrdz=RdRdZ 


II  vient  en  integrant: 


7  •  v-V 


En  comparant  les  pas  dune  fibre  h^licoidale  dans  la  configuration  d6form6e  et  dans  la  configuration 
de  reference  on  obtient  la  relation:  r  ig  7  =  X  R  tg  f 

Le  coefficient  d'allongement  a  des  fibres  est  le  rapport  de  la  longueur  d’un  ^l^meni  de  fibre  dans  la 
configuration  deformde  par  la  longueur  de  ce  meme  element  dans  la  configuration  de  reference.  Les 
fibres  etant  h^licoidales  il  vient: 


r  tg  y  =  >.  R  ig  r 

On  en  d^duit  la  relation: 

Dans  la  configuration  d^formee, 

ou 


2  r^+rntgy)^ 

"  ®  '  R2+R2(tgF)^ 

rr 

a'=  ^  +  (cosF)^  +  Xr(sinF)^ 

les  directions  des  fibres  des  deux  rdseaux  sont  donndes 
x*=  cosy  e9+siny  e^  et  T‘=-cosy  e0+siny  e^ 

(e^.e^,  C2)  est  la  base  cylindrique  locale. 


par: 


(LI) 


7.2.2.  JfyptmttSTs  Micsv/aostLS 

*la  deformation  est  constitude  d'une  suite  d'dquilibres  quasi  statiques. 

*le  fluide  intraventriculaire  est  un  fluide  parfaii  incompressible. 

*le  ventricule  est  soumis  i  une  force  d'inertie  venicale  et  constante  pae^  qui  correspond  i  une 
acceleration  centripete  -a  Cj 

♦sous  leffet  de  Tinertie,  la  surface  latdrale  de  ia  paroi  ventriculaire  est  soumise  i  un  champ  de 
pression  bydrostatique 

Ap  ::  padZ  (3  J) 

•par  contre  la  surface  inferieure  du  cylindre  est  soumise  1  une  pression  externe  nulle.  autrement  dil 
le  ventricule  ne  baigne  pas  dans  un  fluide  soumis  1  une  pression  bydrostatique. 


I 

t 


Figure  n°I6.  Synthise  du  modile  de  ventricule 
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^  est  une  fonction  du  temps  comprise  entre  0  et  1  qui  repr^sente  I'activit^  des  fibres  cardiaques 
durant  le  cycle  cardiaque.  On  a  done  ^  =  0  dtat  passif  (fin  de  diastole).  ^  =  1  etat  actif  (fin  de  systole). 
Dans  r^tat  passif.  la  tension  T  est  equivalente  a  une  force  de  rappel  dlastique  proportionnelle  a 
rallongement  relatif  a-1:  T  =  E(a  -1). 

Par  contre,  dans  T^tat  actif,  la  fibre  ne  se  comporte  pas  comme  un  simple  matehau  elastique. 

La  difference  de  comportement  est  reprdsentee  par  la  tension  **physiologique"  maximale  Tq  deploy^e 
par  la  Ebre. 


L'dquation  d'6quilibre  d'un  milieu  continu  dans  le  cas  quasi  statique  s’ecrit: 

div  S  +  f  =  0  oil  f  repr6senie  les  forces  volumiques  d’inertie  . 

pans  le  cas  present  on  a:  div  I  +  pae2  =  0  ou  la  divergence  est  exprimee  par  rapport  aux 
coordonnees  cylindriques  (r,0,2)  de  la  configuration  deformee. 

On  deduit  de  cette  equation  d'equilibre  le  systeme  differentiel  donnant  le  gradient  de  la  pression  en 
fonction  de  la  tension  T  ei  de  la  coordonnee  verticale  z: 


dr 

dp 


“  +  (cosy)^T 


(3.5) 


La  pression  extra  ventriculaire  k  la  cote  z=0  est  prise  comme  pression  de  reference  . 

En  vertu  de  la  loi  hydrostatique  (3.1)  on  obtient  la  condition  limite: 
p(re.z)  =  paz 

Avec  le  systeme  (3.5)  ei  la  condition  limite  (3.6)  I'expression  de  la  pression  imraventriculaire  p(r.z) 
devient  : 


P(r.z)  =  J  ^  (cosy)^T  ds  +  paz 
r 

Une  seconde  Equation  est  ndeessaire  pour  calculer  le  coefficient  d'diongation  I  qui  determine,  par 
les  dquations  1.4  et  1.6  la  deformation  du  cylindre.  Cette  equation  est  donnde  par  I'equilibre  de  la  base 
du  cylindre  z=l  sous  I'effet  des  forces  interne  et  exteme  de  pression.  La  pression  caviiaire  a  la  cote  z=l 

2 

exerce  une  force  constante  et  dgale  a:  -nrj  p(rj,l)  e^ 


Le  vecteur  Ie2  reprdsente  la  rdsultante  des  forces  surfaciques  auxquelles  est  soumise  la  base  de  la 
paroi  ventriculaire. 

L'dquilibre  de  la  base  du  cylindre  se  traduit  par  I'annulation  de  la  somme  des  projections  e^  de  ces 
forces,  ce  qui  donne  I'dquation: 

2 

-  jtrj  plrj.l)  +  J  I  e^  e^  2xrdr  =  0  avec  Z  -  -pfrj.l)  +  2T(sin  y)^ 

n 

On  en  deduit  I'equation  suivante: 

fe 

jx  (4(sin  y)^  -  2(cos  y)^|  rdr  par^l 


7.2.S.  'IX}W{ri&K'D'ZCOVL'L'M‘L9(X 

Pour  achever  I'dtude  mdcanique  du  modile.  il  reste  d  moddliser  I'dcoulement  sanguin  lorsque  I'une 
des  valves  mitrale  (phase  de  remplissage)  ou  aortique  (phase 
d'djection)  est  ouverte.  On  suppose  que  les  valves  mettent  le 
ventricule  en  contact,  au  niveau  de  la  base  (z=0),  avec  un 
reservoir  de  pression  constante  Pq.  Pendant  la  phase  de 
remplissage,  ce  rdservoir  reprdsente  I'oreillette  gauche  et 
pendant  la  phase  d'djection,  il  reprdsente  le  systime  artdriel. 

La  loi  de  Poiseuille  moddlise  I'dcoulement  du  sang  i  leavers 
les  valves:  Pg-  p(ri  ,0)  =  cQ  (c  :  rdsistance  de  la  valve  Q  : 
ddbit  sanguin) 

Dans  le  cas  oil  la  valve  est  cylindrique,  c  s'exprime  par: 

8nlv 

c  =  — r 


(p:viscosit6  sanguine,  lyilongueur  de  la  valve,  rvtrayon 
la  valve).  On  relie  le  ddbit  sanguin  Q  et  le  volume  caviuire 


de 


figure  n°17:  loi  de  I'activaiion 
ddcroissante  de  la  fonction 

ventriculaire _ 
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d  V 

du  ventricule  par  la  relation  Q  =  ^ 

On  obtient  alors  la  loi  d'dcoulement  suivante: 
d  V 

Po-  pfri  -0)  =  c  ^ 


7.Z.6.  H^VUtSVIS 
Principts  dt  (a  simulatim 

La  phase  de  tempUssage  du  veniricu\e  gauche  sous  differemes  acce\erations  a  eie  prise  comme 
modele.  On  se  donne  la  pression  auriculaire  qui  coincide  avec  la  pression  p(rj.O)  a  I'ouverture  de 
la  mitrale  prise  comme  origine  des  lemps  el  le  volume  avani  remplissage  v^,.  On  en  deduit  de  celte 
pression  et  des  equations  2.7  ei  2.8  I'activite  iniliale  du  ventricule  =  pg. 

La  loi  d'activation  p(0  exponentiellement  dictoissamc  (figure  17)  en  function  du  temps  est  donn6e 
en  prenant  la  valeur  Pq  i  I'instam  initial.  Connaissant  la  loi  d'dvolution  p(t),  on  calcule  i  chaque  pas  de 
temps: 

*la  pression  intraventriculaire  pfrj.O), 

*le  volume  intraventriculaire  v 
Prolongation  du  cylindre  X. 

Les  differentes  simulations  sont  faites  en  prenant  pour  a  les  valeurs  successives 
OGj , IGi . 3Gj , SGj 


DonnOes  numOriques. 

Donnees  gOometriques  de  refOrence  Rj  =  1,5  cm.R^  =  2.4  c,  V  =  50cc.  rg=70“.  c  =  5  U.S.I.  (rOsistance 
de  la  loi  de  Poiseuille) 

Modules  d'OlasncitO  (mmHg):  E=23,07;  E*=17l,54  ;  To=19.23 

OonnOes  initiales  Pg  =11,5  mmHg,  Vg  =  100  cc 

Les  diffOientes  simulations  sont  rOalisOes  sur  une  durOe  At  =  0.5  s. 

(les  donnOes  sont  relatives  X  des  donnOes  animales  et  correspondent  i  une  viscositO  de  5.10'^  Pa.s) 


KistUtiU 

Les  rOsultats  sont  reprOsentOs  par  les  sOries  de  courbes  successives  suivantes: 

Courbes  Pression-Volume  :  plrj  ,0)  en  fonction  de  v 

Courbes  Pression-temps  :  p(ri  ,0)  en  fonction  de  t 


Courbes  Volume-temps  :  v  en  fonction  de  t 

Dans  chaque  sOrie  les  courbes  sont  reprOsentOes  e~  fonction  des 


Calculs  de 


iPression  intraventriculaire  p(ri,0) 
Volume  intra  ventriculaire  v 
Idlongation  du  ventricule  I 


sous 


accdidrations. 
fGz  =  0 
Joe  =  1 
|Gz  =  3 
IGz  =  5 


^rapfU  Pnssion-volumt  (figun  n°lS) 

La  pression  intraventriculaire  prdsente  des  variations  intdressantes  i  I'ouverture  de  la  val  mitrale. 
Elle  diminue  au  ddbut  de  la  diastole  avec  la  relaxation  myocardique  et  augmente  rnsuite  avec 
Taugmenlation  de  volume.  Le  phdnomdne  est  d'autant  plus  prononcd  que  I'accdldra  iea  dans  I'axe 
longitudinal  du  ventricule  est  plus  intense.  Ainsi,  pour  un  volume  donnd,  la  pression  '  .ejiastolique  sous 
5  (3lz  est  beaucoup  plus  faible  que  sous  un  champ  de  gravitd  normal.  Ce  phdnomd  .e  est  d'autant  plus 
marqud  que  la  capacitd  de  stockage  est  importante.  Dans  I'dtude  oii  cette  capacitd  n'r  -t  pas  limitde,  il  faut 
atteindre  des  volumes  supdrieurs  d  250  cc  sous  SGz  pour  obtenir  une  valeur  de  pression  diastolique  dgale 
d  celle  observde  normalement  chez  un  sujet  placd  dans  le  champ  de  pesanteur  terrestre. 

Qrapit  Prtssion  umps  (figun  n^lS) 

Les  conditions  de  variation  de  pression  en  fonction  du  temps  mJiquent  clairement  la  baisse  de 
pression  dans  la  phase  diastolique  initiale  prdcoce.  Ainsi  il  faut  auendre  environ  230  ms  1  5GZ  pour 
retrouver  la  valeur  de  pression  ventriculaire  existant  au  lout  ddbui  de  la  phase  de  relaxation.  Si  un  tel 
laps  de  temps  correspond  d  une  frdquence  de  103  bpm,  le  volume  associd  d  cette  valeur  de  pression  est 
tout  d  fait  irrdaliste  puisqu'il  atteint  des  valeurs  extrdmes  de  VotOre  de  250  cc  . 

Si  Ton  se  place  dans  le  cas  d'une  frdquence  de  120  bpm  (temps  diastolique  de  ISO  ms)  on  constate 
aisdment  que  la  pression  intraventriculaire  sous  SGz  est  trds  infdrieure  d  celle  qu'elle  prdsenterait  sous 
IG. 

Dans  ce  dernier  cas  les  valeurs  de  pression,  volume  et  temps  sont  tout  d  fait  cohdrentes  avec  celles 
observdes  dans  la  rdalitd. 
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Qrapkt  Voiunu-tttnps  (fi^re  n^20} 

Les  remarques  effecru^es  iur  les  graphes  precedents  s'appliqueni  evidemmeni  au  diagramme 
volume-temps  ou  Ton  constate  que  I'applicaiion  d‘un  champ  de  force  au  debut  de  la  phase  de  relaxation 
provoque  une  augmentation  de  volume  ventriculaire  d'auiant  plus  importanie  que  lintensite  de  la  force 
est  elevee.  II  convicai  de  noier  que  les  champs  de  force  mecaniques  sent  consideres  etablis  ei  stables  ei 
qu’aucune  notirn  de  taux  de  variation  des  forces  volumiques  n'intervieni. 

7.2. 

Les  r^sultats  obtenus  mettent  en  evidence  une  influence  tres  sensible  des  accelerations  +0z  sur  la 
fonction  diastolique  du  ventricule. 

Schematiquement  les  accelerations  croissantes  ont  les  effeis  principaux  suivanis  sur  le  modMe: 


*une  baisse  de  pression  au  d^but  de  la  phase  de 
remplissage  qui  traduit  une  accentuation  du  ph^nomene 
d'aspiration  de  la  chambre  ventriculaire  k  partir  de 
roreilleue 

*une  augmentation  du  volume  diastolique 
*une  acceleration  de  la  vitesse  de  remplissage. 

Deux  critiques  peuvent  etre  faites  k  propos  de  cette 
etude:  les  unes  sont  structurelles  ei  portent  sur  le  modele. 
les  autres  sont  analytiques. 

Un  modeie  cylindrique  est  evidemment  particulier  et 
ne  correspond  pas  k  I’aspect  tronconique  d  un  ventricule 
anatomique.  Le  choix  de  cette  geometrie  est  du  a  I’acquis 
bibliographique  qui  ie  justifie  partiellement  ei  presente 
Tavantage  de  permettre  un  traitement  analytique.  Enfin 
ce  modeie  est  evidemment  demuni  de  pericarde. 

Les  autres  critiques  sont  des  consequences  des 
carences  qui  viennent  d’etre  enoncees. 

*la  configuration  cylindrique  du  modeie,  repose  sur 
I'hypothese  d’une  pression  hydrostatique  k  I'exterieur  de 
la  surface  laterale  du  cylindre  alors  que  sa  section 


inferieure  est  en  contact  avec  une  pression  nulle.  Une  mtKieiisation  plus  realiste  consisterait  e  prendre 
une  pression  nulle  k  i'exterieur  du  ventricule.  Une  telle  condition  est  malheureusement  incompatible 
avec  un  module  cylindrique. 

*le  module  presentd  ne  tenant  pas  compte  du  rdle  du  pericarde  qui  emp€che  les  etirements  excessifs 
du  myocarde  permet  d’atteindre  des  volumes  de  remplissage  importants  L'utilisation  realiste  des 
resultats  impose  une  limite  temporelle  (150ms)  k  Texploitation  des  calculs.  Cette  duree  est  tout  fait 
compatible  avec  I'application  d'un  facteur  de  charges  sur  un  emur  en  regime  de  120  bpm. 

•enfin,  contrairemeni  k  la  realite  physique,  I'application  de  ce  facteur  de  charges  n'est  pas 
continQment  variable  jusqu'H  I'etablissement  d'un  plateau.  Les  resultats  obtenus  sont  done  ceux  d'un 
processus  dvolutif  dans  le  temps  en  presence  de  diffirenis  champs  de  force  dont  le  taux  de  variation  k 
i'origine  est  infini. 

Ccs  restrictions  eiant  faites,  on  constate  -  sur  un  temps  de  ISOms  -  que  les  accelerations  +Ga 


Figure  20:  relation  volume  temps 
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diminuem  la  pression  intracavitaire  au  ddbut  de  la  diastole  et  augmenteni  le  volume  telediastolique. 
En  d'autres  termes  les  accdldrations  +Gz  sous  fort  jolt  amdiiorent  considdrablement  la  fonction 


Ainsi,  en  I'absence  de  loute  regulation 
physiologique,  les  forces  d'inerlie  dues  a  une 
acceleration  +G2  d'installation  extremement  rapide 
favorisent  I'afflux  de  sang  durant  la  diastole  de  la 
premiere  revolution  d'un  coeur  soumis  a  ce  champ  de 
force  ct  augmente  de  fagon  consequente  le  volume 
d'ejection  systolique  done  la  pression  arterielle  lors  de 
la  contraction  ventriculaire  suivante. 

II  rdsulte  de  cette  constatation  que  notre  schema 

concemant  les  hypotheses  d'un  effet  chronolo-  gique  sur  la 
pression  systolique  quand  les  deux  dvenements  soni 
synchronises,  doit  etre  revue  a  la  hausse. 

Quatre  effets  interviennent  (figure  21): 

trois  sont  directement  lies  au  taux  de  variation  du 

facteur  de  charges. Deux  de  ceux-ci  sont  primaires,  les  effets 
chronologiques  et  voluroiques,  le  troisibme  est  secondaire 
i.e.  I'effet  loi  de  Starling  (ajustement  hetdrometrique  du 

myocarde)  du  a  I'augmentation  du  volume  d'djection 

systolique. 


Le  dernier  effet,  enfin  cst  autonome.  il  concerne  I'ajustement  inotrope  neurohormonal  du 
fonctionnement  cardiaque  (ajustement  homdometrique)  et  I'ajustement  de  la  mou-icitd  vasculaire. 

9  Conclusions 

L'inclinaison  des  adronefs  au  cours  d'un  virage  lentement  dtabli,  mais  ndanmoins  send,  fait  subir  au 
pilote  une  accdldration  colindaire  a  I'axe  longitudinal  du  corps  dont  I'amplitude  peut  atteindre,  pour  un 
avion  de  chasse,  plusieurs  fois  I 'accdldration  G  de  pesanteur. 

L'effet  centrifuge  qui  tasse  I'individu  sur  son  sidge  existe  dgalement  pour  les  fluides.  La 
redistribution  du  sang  dans  les  vaisseaux  de  la  partie  basse  du  corps  est  responsable  d'une  hypoxie 
edrdbrale,  engendrant  parfois  une  perte  de  connaissance  en  vo).  prdcddde  de  voiles  gris  ei  noir.  La 
compression  de  I'abdomen  el  des  membres  infdrieurs  par  un  vetement  antiG  qui  s'oppose  a  la 
redistribution  sanguine  vers  les  zones  infracardiaques  est  done  un  bon  moyen  de  protection. 

Avec  les  nouvelles  technologies  mises  en  ceuvre  pour  la  construction  des  avions  d'arme  qui  sont 
capables  d'acedidrations  +Gz  d'installation  rapide,  une  nouvelle  symptomatologie  des  pertes  de 
connaissance  en  vol  est  apparue:  rapide.  sans  prodromes  visuels,  sans  souvenir  de  I'accideni.  L'dchelle 
des  temps  est  alors  de  la  seconde,  voire  infdrieure  i  la  secondel 

Le  but  du  travail  rapportd  est  de  proposer  une  explication,  strictement  biomdeanique.  des  PCEV 
d'installation  rapide;  les  structures  nerveuses  cdrdbrales,  soumises  a  une  accdldration  +Gz  i  fort  taux  de 
variation,  deviendraient  fonctionnellement  inefficaces  non  par  manque  d'oxygine,  mais  par 
accroissement  brutal  des  contraintes  mdcaniques  intracdrdbrales.  rdalisanl  au  sens  strict  une 
HYPERTENSION  INTRACRANIENNE  PRtCOCE  (H.I.C). 

Un  moddle  simple  est  proposd  qui  permet  d'diudier  trois  paramdires 

*la  distribution  de  pression  dans  le  L.C.R. 

*la  rdpartition  des  contraintes  et  des  ddformations  dans  I'encdphale 

*la  modification  de  I'dcoulement  sanguin  pulsd  dans  I'enceinte  erdnienne  osseuse  de  confinement. 

Les  calculs  montrent  I'influence  d'une  brusque  modification  du  rdgime  de  I'dcoulement  qui  fait 
apparaitre  des  phdnomdnes  de  collapsus  et  des  dcoulements  d  caracidre  supercritique  qui  peuvent  Stre 
suivis  de  chocs  intravasculaires. 

Ainsi.  les  premiers  rdsultals  de  la 

moddlisalion  indiquent  qu'une  accdldration  +Gz  d'installation  rapide  pourrait  engendrer  une 
augmentation  des  contraintes  mdcaniques  dans  le  tissu  nerveux  done  une  hypertension  intraerSnienne 
brulale. 

Le  niveau  de  pression  intracrinienne  (seuil)  pour  lequel  une  perte  de  connaissance  peut 
dventuellement  survenir  peut  dire  discutd  en  fonction  du  niveau  instaniand  de  la  pression  artdrielle  et 
de  paramdtres  physiologiques  cardiovasculaires.  Quatre  effets  sont  analysds; 

*les  effets  chronologiques  de  la  rdvolution  cardiaque  en  fonction  de  I'instani  d'application  du  facteur 
de  charge 

*les  effets  volumiques  de  I'djection  systolique 

'I'ajustement  hdtdromdtrique  du  myocarde 

'I'ajustement  inotrope  neurohormonal  du  fonctionnement  cardiaque  (ajustement  homdomdtrique). 

Sous  ces  hypothdses  la  mise  en  pression  rapide  voire  aniicipde  du  vdtement  antiG  est  suspeetde 


diastolique  de  pompe  aspirante  du  caur. 


500  mi 


Figure  N*’21:  Effets  cardiaques  des 
accdldrations  +Gz  ^  fon  taux  de  variation, 
dans  le  cas  ou  ies  deux  dvdnements  sont 
parfaitement  synchronises 
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d’etre  ddfavorable  crdant  un  "coup  de  bdlier  hydraulique"  dans  le  systeme  vasculaire  a  destination 
encephalique,  augmentant  ainsi  les  risques  d'H.I.C.  prdcoce.  Bien  entendu.  I'utilisation  -  en  son  temps  -  du 
pantalon  antiG  reste  une  precaution  indispensable,  car  le  meme  pilote  qui  echappe  a  une  HlC  prdcoce 
nest  pas  i  I'abri  de  faire  une  PCEV  par  hypoxie  cerdbrale.  dans  les  quelques  secondes  qui  vont  suivre. 

Les  hypotheses  d’H.I.C.  ne  s'oonosent  nas  a  la  theorie  hvDoxique  mais  elles  la  cpippletepl.  Ainsi,  les 
etudes  en  cours  qui  concement  le  "ddlai  de  raise  en  pression  du  vetement  antiG  en  fonction  du  taux  de 
variation  des  accdldrations  ”  restent  parfaitement  justifides.  si  I’on  ne  veut  pas  prendre  le  risque  de  creer 
des  accidents  chez  des  sujets  portds  artificiellement  aux  limites  de  leur  toldrance  qui  sont  dans  un 
premier  temps  biomdcaniques  puis,  dans  un  second,  physiologiques. 

Les  auieurs  remercient  chaleureuscmcRt  monsieur  le  Pr.  P.Borredon  pour  les  critiques  amicalemeni  consiructives 
qu'i!  a  bien  voulu  apporter  ^  la  ridaction  de  ce  leaie. 


lOSynopsis 
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Evoktton  du  syeiame  soue  I'effet  dee  foreet  dlnerte 
dene  les  fluldet  et  des  wiaflons  de  oontrelmes  mAcenlquea  dens  les  Ussus 
solon  le  veleur  du  teux  de  varietion  des  torees  de  volume 


Figure  22:  Synthise  des  hypotheses  concemant  la  survenue  d'une  PCEV  par  H.I.C.  des  pilotes  de 
chasse  soumis  i  des  accelerations  d'installation  rapide  et  leur  integration  dans  la  theorie  hypoxique 
classique  (les  temps  respectifs  de  survenue  de  I'HIC  et  de  Hy.C.  ne  sont  pas  respectes). 
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Have  you  ever  had  a  loss  of 
consciousness  episode? 

"I  can’t  remember- 

Answer  of  a  US  fighter  pilot  to 
an  anonymous  survey  on 
inflight  LOG 

(Flying  safely  Jan.  1984) 


I-  INTRODUCTION’ 

When  fighter  aircrafts  change  directions,  their  pilots  are  sut^ect  to  accelerations  which  crush  them  into  their  chairs.  Sometimes  these 
accelerations  can  be  high  enough  to  induce  loss  of  consciousness.  For  fifty  years,  G-LOC  induced  by  gradual  onset  rate  *  Gz  acceleration 
(GOR  >  (Sz)  have  been  ascribed  to  a  clearty  pathophysiological  cause:  brain  hypoxia,  and  this  explanation  is  now  accepted  by  aH  specialists  of 
aviation  medicine. 

This  brain  hypoxia  results  from  inaeased  hrOz  hydrostatic  component  ot  blood  pressure.  This  component  increases  linearty  with  the  Qz 
acceleration  (h  beir^  the  height  of  the  blood  column  between  the  brain  and  the  base  of  the  heart).  Since  (jz  is  colinear  with  the  long  axis  of 
large  aorto^arotid  and  jugulocave  vessels,  forces  of  inertia  (described  as  ’toaef  when  referring  to  (3)  oppose  the  migration  ot  blood  toward  the 
head.  With  an  increasing  hydrostatic  pressure,  the  sum  of  motor  pressure  and  hydrostatic  pressure  components  ot  blood  pressure  tend 
toward  zero.  Arterial  btood  tends  to  shift  toward  tower  limbs,  and  as  venous  compliance  is  much  higher  than  artehal  compliance,  this 
phenomenon  Is  even  more  patent  in  low  pressure  blood  circulation. 

Schematically,  with  reduced  blood  flow,  the  brain  becomes  hypoxic. 

inflation  of  an  anti-G  suit  (compression  of  abdomen  and  lower  lirrtos)  counters  this  blood  shitt  toward  the  lower  limbs,  it  is  therefore  a 
highly  efficient  protection  against  GOR  *  Gz  induced  LOG  since  it  increases  the  "useful  time  of  consciousness’  of  pilots,  i.e.  the  period  ol  time 
before  LOG. 

Not  only  is  this  explanation  highly  coherent,  but  it  also  has  received  experimental  confirmation.  As  in  many  other  laboratories,  our 
department  has  tried,  for  years,  to  have  a  better  understanding  of  this  phenonienon,  both  from  the  standoint  ot  physiology,  and 
cardiovascular  biomechanics  (Borredon  (1, 2,3,4)  Liscia  (29),  Briane  &  Ouandieu  (6,36).  Tran  (46.47)) 

Brain  hypoxia  cannot  occur  without  disturbing  sensory  functions.  Visual  disorders  are  very  familiar  to  tighter  pilots,  with  reduced 
peripheral  vision  (grey-out)  and  loss  of  central  vision  (black-out),  immediately  preceding  LCX^  within  a  few  tenths  or  twentieths  ot  a  second, 
depending  on  the  load. 

In  the  early  60s,  improved  motor  technology  increased  the  maneuverability  ot  lighter  aircraft.  Long  steep  turns  generated  high 
sustained  rapid  onset  rate  +  Gz  acceleration  (ROR  *  Gz),  which  was  new.  The  rate  of  change  in  acceleration  is  expressed  in  G.s'V 

At  this  same  period,  reports  on  the  effects  of  this  new  type  ot  aggression  on  fighter  pilots  mention  a  new  clinical  form  of  inflight  LOG, 
essentially  characterized  by  the  ^sence  ol  a  grey-or  black-out.  The  pilot  exposed  to  these  ROR  accelerations  no  longer  experienced  the 
warning  visual  symptoms  which  he  could  use  as  signal  to  initiate  a  maneuver  cancelling  the  load.  This  new  symptomatolc^  turned  ROR  Gz 
into  "a  real  major  problem  tor  military  flying  safety"  (POIRIER  .  35).Sometimes.  LOG  can  also  occur  during  acceleration,  i.e.  the  time  ot  useful 
consciousness  is  practicaffy  reduced  to  zero.  Often,  the  pilot  does  not  remember  anything  (lacunar  amnesia). 

In  brief,  the  new  symptomatology  of  inflight  LOG  caused  by  ROR  accelerations  is  immediate  (sometimes  delayed),  with  no  visual 
warning,  and  no  recollection  of  the  accident. 

When  the  accident  occurs  in  the  earty  phase  ot  acceleration,  the  time  scale  is  as  small  as  a  second,  sometimes  even  lessi 

In  spite  of  these  major  differences-changes  in  physical  characteristics  of  the  aggressing  agent,  the  response  symptomatotogy- 
specialized  medical  communities  continue  to  give  credit  to  the  hypoxic  etido^: 

"since  the  load  factor  develops  more  rapidly,  so  does  hypoxia! 

"corollary ;  since  hypoxia  is  immedtote.  the  anti-G  suit  must  be  inftaled  early,  even  prior  to  ROR  Gz  acceleration 

However,  one  physiological  reason  at  least  defies  this  reasoning:  ff  is  clear  that  times  characteristic  of  physical  phenomena  implied  in 
this  accident  are  shorter,  by  several  orders  of  magnitode.  than  the  response  times  of  physiological  phertomena  they  induce,  in  other  words, 
brain  hypoxia  cannot  be  elicited  within  a  few  hundredths  of  a  mWisecond 

Another  strictly  biomechanicai  explanation  ol  sudden  infUghi  LOG  deserves  attentton.  It  ntuHt  rvu  mrnrartirt  the  theory  of  hypoxia  but 
comptemenls  N,  based  on  practicai  facts: 

"the  pitot  Is  suddenly  placed  imo  a  hkjrfi  tnaerteiitv  force  field. 
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‘these  forces  are  volume  fnriasst  forces,  and  r>ol  surface  forces. 

‘the  mechanical  behavior  of  nerve  structures  is  vi«v-oeiastic. 

‘the  blood  mass  circulating  inside  the  brain  possesses  obvious  properties  of  iofiOia 

Drain  nenre  structures  thus  hypothetized  to  be  exposed  to  a  high  onset  +  Gz  stress  become  functionafly  mefficieni,  not  because  of  the 
lack  of  oxygen  (brain  hypoxia),  but  because  of  a  sudden  increase  m  intracofebra'  mechanica*  stresses,  creaunq.  stricto  sensu.  earty  intracranial 
hypertension.  In  this  biomechanical  approach,  the  concept  of  energy  becomes  paramount. 

Rapid  inflation  «f  the  anti-G  suit,  even  concomitant  vwith  the  onset  o1  acceleration,  could  then  become  potentially  hazardous,  with  the 
risk  of  generating  a  "hydraulic  ram  effect*  in  the  brain  vascular  system.  This  is  the  subject  of  our  analysis. 


II-  LITERATURE  REVIEW 
Amplitude 

New  generations  of  fighter  aircraft  are  developirtg  high  sustair^ed  accelerations  within  extremely  short  periods  of  time  Gillingham  (17) 
reported  that  the  A-10  aircraft  can  develop  tOG/s  andKnudson  (23)  l8G/sfortbe  F-t8. 


Total  interruption  of  blood  flow  in  the  temporal  artery  precedes  grey-out  Ly  2-20  seconds  (Pelligra  (33));  loss  of  peripheral  vision  (grey- 
out)  occurs  lor  an  arterial  systolic  eye  pressure  of  50  mm  Hg  (Burton  (9).  Souder  (44)).  Loss  of  central  vision  (black-out)  occurs  for  a  systolic 
pressure  of  20  mm  Hg  in  the  ophthalmic  artery  (Burton  (9),  Simons  (43)). 

Loss  of  consciousness  occurs  generally  later  than  loss  of  vision.  The  commonly  reported  explanation  incriminates  a  "siphon"  effect 
(during  accelerations),  i.e.  the  escape  of  venous  blood  sucks  artehal  btood  and  protects  the  brain  (Clere  (14).  Howard  (20).  Nickeli  (32)).  This 
explanation  should  be  analyzed  in  detail,  using  experimental  procadures.  as  it  does  rtot  take  into  account  the  fundamental  fact  that  'here  is  rx) 
siphon  effect  except  in  rigid  open  pipes,  which  does  r)ot  apply  to  the  arterial  venous  system,  basicalty  similar  to  a  model  of  collapsible  closed 
tines. 

Frequency 

Inflight  LOCs  are  accidents  known  since  the  early  days  of  aviation.  One  of  me  first  manifestations  of  a  veil  described  in  the  literature  was 
"toss  of  peripheral  vision"  durir>g  a  contest  lor  the  Schneider  cup.  Between  1966  and  1971.  36  cases  of  inliigm  lOC  were  reported  by 
Ray  nan  (39)  for  the  USAF.  causing  seven  deaths.  Only  nine  cases  were  directly  associated  with  accelerations:  five  were  due  to  incorrect  M1 
maneuvers,  one  to  asystole  during  negative  Gz.  -nd  three  to  an  etiology  latf'  identified  as  poor  tolerance  to  accelerations.  From  1970  to 
1980,  Rayman  (40)  reported  forty  cases  of  acccerafion-induced  inflight  LOC  in  the  USAF.  Thirty-seven  were  caused  by  incorrect  Ml 
maneuvers,  and  three  by  poor  tolerance  to  acceleration. 

Burton  (10)  and  Hood  (18)  reported  that.  b<  tween  1980  and  1986,  inflight  LOC  caused  the  destruction  of  at  least  30  USAF  aircraft 
(generally  with  loss  of  human  life)  among  which  eight  F-16  and  four  F-IS  capable  of  exposure  to  very  high  loads.  Durino  anonymous 
interviews,  tworrty  per  cent  of  a  population  of  F-16  pitots  acknowledged  that  they  probably  experienced  LC^  episodes  Curing  the  third 
meeting  of  NATOs  Flight  Surgeons  (Ramsieln  AF8. 1987).  it  was  reported  that  approximately  10%  of  the  i.OOO  USAF  fighter  pitots  exposed 
to  the  centrifuge  test  in  Sdstesberg,  according  to  an  acceleration  profile  simulating  mooem  air  combut.  experienced  LOC.  140  of  these  pilots 
also  admitted  that  they  had  experienced  infligh,’  episodes  which  could  be  idemttied  as  LOC  and  le*'  no  trace  in  their  memory. 

An  anonymous  survey  (1.320  questionnaires)  run  by  the  French  Air  Force  in  1991  (F6ron  16)  reported  98  cases  ol  inflight  LOC,  Nine 
pilots  believed  they  had  an  episode  c  associated  lacunar  amnesia- 

Sequence 

The  LOC  phenomenon  is  now  investigated  by  many  authors.  Burton  (10).  Hood  (18),  Landry  (26).  Leguay  (27)  and  Whinnery  (50)  are 
dividing  LOC  into  two  phases  ;  a  period  of  total  incapacitation  where  consciousness  is  totu  .y  extinct,  and  a  period  of  relative  incapacitation, 
associated  with  confusion  and  disorientation.  The  first  phase  lasts  iS-30  seconds.  Whinnery  (5l)  established  a  good  correlation  between  the 
duration  ol  this  phase  and  the  level  of  accele'ation.  He  added  that  LOC  is  '-irger  during  GOR  +  Gz  than  during  ROR  +  Gz  This  observation 
was  confirmed  by  Houghton  (19):  23,7  seconds  for  ROR,  32secorKfs  for  GOR  ihe  phase  of  relative  incapacitation  is  not  correlated  with  the 
level  of  acceleration  ;  it  lasts  20-30  seconds  (Hood  (10)  and  Whinnery  (51)).  The  pilot  recovers  his  full  ability  to  handle  a  complex  sifuation  after 
approximately  no  less  than  three  minutes!  (Hood  &  Houghton). 

LOC  with  no  visual  prodromes 

The  number  of  publications  on  LOC  is  too  high  for  an  exhaustive  review  in  this  paper,  in  addition,  acceleratior's  studied  here  are  only 
Gz.  "If  the  rise  iime  to  maximum  G  is  long  enough,  phystolcjical  condensation  tends  to  oppose  the  fall  of  pressure".  Those  were  the  words  of 
Kydd  et  at.  (21 )  25  years  ago  as  they  worked  on  primates.  "A  sfatement  regarding  G  tolerance  should  include  information  about  the  nature  of 
the  acceleration',  can  be  read  in  the  discussion  where  Kydd  reports  Rossen’s  investigations  in  1943.  where  sudden  interruption  of  brain 
blood  flow,  in  animals,  caused  effects  similar  to  those  of  accelerations. 

The  relationshir  "btood  pressure  v$  aoceteratton"  thus  involves  two  functions:  decreased  arterial  press  itself  a  tuncttonof  the  mode 
of  appticatton  of  accelerattons,  and  Ihe  action  of  phystologicai  regutations  which  are  all  the  more  efficient  as  ft  e  yessure  drop  is  sigrwficant 

In  1956,  Edelberg  (15)  hypothetized  the  theory  that  the  contribution  of  physiological  reflexts  acting  to  efficiently  counteract 
atxelerations  is  only  maximum  if  these  reflexes  have  time  to  resist  the  increasing  hydrostatic  component  of  arterial  pressure  This  time 
necessary  for  cardiovascular  adaptation,  according  to  the  excitatton  of  aortic  and  carotid  baro-receptors.  is  approxatimatefy  eight  seconds. 

A  new  concept  earty  oeveioped:  tbajyeaance  or  absence  of  visual  orodfomas  is  a  tundton  ot  tima. 

In  the  USAFSAM  centrifuge  Plata  (34)  showed  that  LOC  caused  by  ROR  acceleration  may  not  be  preceded  by  grey-out  or  black-out 
which  do  not  fail  to  appear  during  gradual  application  of  heavy  lo^  An  anonymous  survey  run  at  the  same  time  revealed  LOC  episodes  for 
12  %  of  ottots  expos^  to  ROR  acceleration.  Thto  LOC  without  p^dromes  is  all  the  more  dangerous  for  the  pitot  as  "the  preceding  visual  loss 
quite  certainly  serves  as  a  very  valuable  premonitory  w«Tiing.'  (Wood  (52)) 

Jaron  et  at  (25)  set  at  1  Gz.s'^  the  onset  limi;  which  can  induce  toss  of  consciousness  without  visual  prodromes. 

Whinnery  et  al.  examined  centrifuge  induced  Q-LOC  during  two  types  of  ^  Gz  exposure  ;  l)  rapid  onset  runs  (ROR).  2.5G  s'^  and 
6.0G.s'^  and  2)  gradual  onset  runs  (GOR).  O.iG.s'V  Fifty  tive  cases  of  LOC  were  reported.  The  mean  age  for  the  group  was  32.7  (^6.2  S.O.) 
years,  rangtog  from  24  to  48  years.  The  mean  +  Gz  level  of  centrifuge  exposure  was  +7.9  (±1 .2)  Gz  (maximum  +  9  (3z;  minimum  +  4  Gz).  The 
percentage  of  subjects  having  a  LOC  episode  for  O.lQ.s'^  was  62  for  2.5  O.s*^ .  52  %.  and  for  6  G.s'^ .  36  %.  Two  modes  of  recovery  were 
compared,  either  from  an  objective  incapacMatton  called  "total  incapacitation’  (turning  oft  visual  or  autftory  alarm),  or  from  sut^ectlve 
incapacitation  (appreciated  by  the  investigator)  called  "absolute  incapacitation".  Results  showed  that  total  incapacitation  times  were  34.9  s 
(GOR),  24.8s  (ROR),  and  that  absolute  incapacitation  times  were  I9.3s  (GOR),  and  12  2$  (ROR).  the  difterence  being  higNy  signNicant.  This 
investigation  dearfy  showed  two  types  of  syndromes  which  cannot  be  solely  ascribed  to  Gz.s'^  since  the  acceleration  times  were  shorter  for 
ROR.  Unawareness  of  the  LOC  episode  is  the  first  Item  on  the  list  of  +  Qz-induced  LOC  symptoms.  The  authors  irripiidieiy  compared  these 
phenomena  wHh  hypoxic  syndromes  for  all  acceleration  rates 
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Whinnery  and  Jones  subsequently  emphasized  the  frequency  of  lacunar  memory  in  most  volunteers  exposed  to  LOG.  They 
sometimes  had  to  be  convinced  that  LOG  dkJ  occur  even  if  some  actually  suspected  it  did. 

LOG  may  sometimes  be  associated  with  flail  rrx>vefnenis  which  stop  spontarteou^. 


The  anti-G  suit  has  unquestionable  hemodynamic  effects,  its  efficiency  has  been  extensively  documented  arid  will  not  be  reviewed 
here.  It  increases  peripheral  vascular  resistance  by  external  pressure,  thus  improvirtg  cerebral  irrigation  and  reducing  blood  shifting  in  lower 
limb  vessels  (decreased  pressure  gradient  between  brain  and  apex).  The  idea  of  usirtg  it  in  surgical  practise  is  not  new  and  it  is  currently 
common  practise.  Brinquin  et  al  (8)  published  results  of  an  investigation  run  on  silting  subjects  to  evaluate  the  effect  of  the  anti-G  suit  against 
neurosurgical  shock.  Results  were  highly  conclusive  Pressures  of  30  mmHg  were  applied  to  tower  limbs  and  25  mmHg  to  the  abdomen.  For 
aircrew  exposed  to  a  force  field,  anti-G  suit  pressures  are  approximately  500  mmHg. 

The  theory  of  hypoxia,  even  tor  high  G-onset  rates,  justifies  research  to  develop  a  quick  inflation  system  for  the  anti-G  suit.  AHke  Van 
Patten  (49)  attempting  to  improve  brain  oxygen  stores.  Moore  et  al.  (31)  atten^ted  to  develop  a  pulsating  anti-G  suit,  the  pressure 
perturbation  being  out  of  phase  with  the  cardiac  cycle  to  create  the  lowest  possible  pressure  drop  in  the  brain. 

Many  laboratories  are  working  to  develop  another  system  of  protection  against  the  effects  of  acceleration.  But,  generally,  all  research 
relies  on  physiological  principles.  Krutz  et  al.  (24)  hope  to  improve  peripherat  vasoiiar  re^stance  by  an  improved  unilonn-pressure  pneumatic 
suit.  Progress  in  behavior  laws  of  new  va^es  continues  (Meeker  et  al  (30))  white  problems  associated  with  premature  inflation  are  mostly 
described  in  terms  of  discomfort  rather  than  of  increased  potential  for  LOG  (Ratajczak,  (38)). 

R  R.  Bu'ton  (11)  analyzed  the  various  methods  used  to  counter  the  effects  of  accelerations,  and  emphasized  that  a  number  of 
questions  remain  unanswered,  such  as  how  to  establish  a  thoracic  pressure  higher  than  100  mmHg  (50  mmHg  pressure  breathing  associated 
with  too  mmHg  anti-G  maneuvers) 

Some  authors,  and  mt  the  least,  as  E  Wood  (52).  clearly  say  that  very  high  pressures  applied  to  maintain  efficient  brain  circulation  in  a 
pilot  sitting  under  exposure  to  high  loads  can  be  potentially  hazardous.  Quoting  older  investigaiions  by  southern  Galifomia  laboratories.  Wood 
brings  forth  again  the  quesiion  of  the  positions,  extensively  studied  during  World  War  il. 

Burton  (12)  analyzed  results  of  investigations  run  on  subjects  exposed  to  increasing  G-onset  rates  in  a  centrifuge.  All  subjects  wore  an 
anti-G  suit,  equipped  with  an  electronic  valve  programmed  before  G  exposure,  for  att  loads.  Results  show  that  tolerance  to  6G  s***  is  2.3G  lower 
than  tolerance  to  iG  s'l  (relaxed  position).  This  difference  is  ascribed  to  the  time  necessary  for  baroreceptor  action.  A  3  3  second  delay  in 
inflation  does  not  affect  tolerance  to  6G.s*^  in  the  relaxed  position  The  physiological  explanations  given  by  the  author  for  the  Lmall 
differences  in  tolerance  observed  in  relaxed  subjects  address  the  function  of  baroreceplors  (the  1G/S  onset  rate  gives  the  reflex  more  time  to 
act).  However,  Burton  considers  the  G-onset  rate  as  an  important  factor  (or  Qz  (olerarK:e  of  a  relaxed  subject.  An  extremely  rapid  inflation  rate 
may  not  necessarily  be  useful,  and  may  adversely  affect  the  pilot's  comfort  and  therefore  the  system's  acceptability 

The  truth  Is  that,  to  our  knowledge,  no  experimental  tests  have  given  a  final  demonstration  of  the  need  for 
Immediate  anti*G  suit  inflation. 

Ill)  AREVIEW  OF  SIMPLE  MECHANICS 

Surface  and  volume  forces 

The  mechanics  of  continuous  media  is  divided  into  the  mechanics  of  elastic  solids  and  fluid  mechanics 

Mechanically,  the  brain  is  a  continuous  medium  characterized  by  fields  m(r.i).  P(r.t).  v(r.l).  T(r.t).  density,  pressure,  velocity, 
temperature...  determined  al  each  point  of  position  rot  the  investigated  brain  mass  and  at  any  moment  t. 


Figure  l.  When  a  small  cube  of  brain  matter 
with  sides  dx.  dy.  dz  is  in  equilibrium,  the 
sum  of  aU  forces  acting  upon  it  equals  zero. 
The  matrix  representative  of  (I)  in  a  system  of 
reference  Oxyz  is  shown  to  have  the 
mathematical  properties  defining  a  tensor.  It 
is  therefore  called  stress  tensor,  where 
txx  >s  the  tension  stress  in  direction  x  on  the 
»>rface  normal  to  axis  x. 
txy  is  the  shearing  stress  in  direction  y  on  the 
surface  normal  to  the  x  axis. 

1x2  'S  the  shearing  stress  in  direction  z  on  the 
surface  normal  to  axis  x.  etc 


If  the  brain  is  considered  as  a  physical  system,  volume  V  ol  the  continuous  brain  substance  is  contained  inside  the  closed  conical 
surface  S  Two  types  of  forces  can  be  applied  surface  forces  acting  upon  S.  and  volume  forces  (at  a  distance)  acting  upon  the  mailer 
contained  m  V.  Volume  forces  act  upon  each  volume  element  dv  so  that  the  force  acting  upon  a  position  r  al  lime  I  is  expressed  as 

dFy-  yr.t)  dv 


In  mechanics,  what  is  usually  taken  into  consideration  is  the  field  of  gravity  In  this  case 


where  m  is  the  mass  of  the  vokjme  element 


Fy  »  mG 


Mechanical  constraints 


Defining  as  d  ^3the  surfaca  force  acting  upon  a  surface  element  dS  located  around  a  point  M  of  o.  this  element  being  characterized  by 
surface-vector 


dS.ndS 

{ n  unit  vector  perpendicular  to  S  and  directed  toward  the  outside),  vector 


where  rg  deflrres  the  surlsce  force  density  is  called  stress  in  M. 

Therefore,  the  mechanical  stress  is  counted  in  pressure  unit  (Pa).  The  vector  may  be  considered  as  the  sum  of  a  stress  noimai  K)  s  and 
of  a  tanoent  stress  (vector  contained  In  plane  tangent  to  S  in  M). 
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It  the  stress  exerts  a  pulling  action  toward  the  periphery  ot  the  brain  ft  is  a  traction,  if  the  pull  exerts  itself  toward  the  inside  of  the  brain  it  is 
a  compression 

Changes  in  stress  inside  an  elementary  volume  induce  changes  in  Hs  geometry.  These  changes  correspond  to  the  superimposition  ot 
three  motions:  a  translation,  a  rotation,  and  a  deformation  which  itself  causes  a  'ditatation*  and  a  "shifr. 

In  brief,  for  a  small  volume  element  of  invariable  density,  in  eguifibhum  in  a  force  fiekJ,  stresses  and  dptormations  must  be  taken  into 
coDsideration. 

Elastic  solid,  plastic  detormalion 

In  a  solid  state,  a  body  is  deformed  under  the  effect  of  tangent  stresses.  However,  under  the  action  of  a  given  tangent  stress,  it 
necessarily  reaches  a  position  ot  equilibrium  after  a  certain  amount  of  time  ( if  not.  it  is  a  fluid ).  if  the  deformation  then  completely  disappears, 
the  solid  is  said  to  be  elastic.  It  recovers  its  initial  configuration.  If  it  does  not.  is  said  to  be  plastically  deformed. 

Under  normal  conditions,  in  living  creatures,  the  brain  is  an  elastic  solid.  But  it  also  possesses  mechanical  properties  ot  viscosity:  its 
behavior  under  the  effect  of  a  force  Is  that  of  a  viscoelastic  solid,  where  stresses  are  associated  with  deformations  and  deformation  rates. 

In  the  following  paragr^hs,  we  shall  consider  that  the  skull  is  rigid  and  the  t^ain  tissue  soft  under  load  exposure.  ‘Sofr  is  a  physical 
property  not  to  be  confused  with  the  flaccid  aspect  of  the  brain. 

Eouilibrium  at  deformable  continuous  media 

Aeromedical  specialists  have  always  used  the  model  of  dynamics  of  a  sir^le  particle 

f  =  mG 

as  mathematical  model  applied  to  the  mechanical  behavior  of  biological  structures. 

However,  since  anatomic  organs  can  hardly  be  compared  with  a  material  point,  the  model  is  inadequate  and  should  be  replaced  by  the 
model  of  dynamics  of  deformable  continuous  media  which  is  certainly  not  perfect,  but  a  better  representation  ot  our  problem: 

— ♦  ■  — ♦  -4 

Otvo4  F*f  y  -0 

where 

p  r  is  the  density  of  inertial  force  per  unit  volume, 

F  is  the  density  of  volume  force  per  unit  volume. 

Div  a  represents  the  behavior  of  stress  tensor  when  one  of  the  other  two  parameters  is  modified  . 

The  pitot's  problem  submitted  to  a  ROR+Gz  acceleration  is  a  conflict  between  the  •physical  time*  of  application  of  the  load  ('characteristic 
times"  of  D,  Gaffi6)  and  the  "biotoQical  time* 

IV)  PROPOSED  MODEL 


Desoiotton  (Fig.  21 
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Figure  2:  Proposed  model. 

Brain  mechanical  stresses  are  shown  as 
grey  shaded  areas 


In  a  first  approach  of  the  biomechanical  behavior  ot  the  brain  we  will  (ust  consider  this 
organ  as  a  deformable  spheric  mass  confined  in  a  totally  rigid  envetoppe  (the  skull),  and 
separated  from  this  envelope  by  a  fluid  film,  the  cerebro-spinal  fluid.  The  brain  uself  contains 
two  phases.-  a  solid  phase  (nerve  tissue). 

•  a  fluid  phase  (blood)  contained  in  a  complex  vascular  system  inside  the  sold 
phase. The  vascular  system  is  tree-shaped  according  to  the  most  classically  elementary 
description  of  the  arterial  system,  branching  from  arteries  to  capillaires.  then  irom  venous 
capillaries  to  the  return  system.  The  geometry  ot  the  large  vascular  tnjnks  is  curved  to  ease  Itow 
obstacles. 

Two  parameters  will  be  studied  . 

*  stresses  .  their  variations  are  represented  by  shades  ot  grey 

•  overall  deformations  resulting  from  a  reduced  blood  mass  under  the  eitea  of 
acceleration  (blood  pooling  in  lower  limbs). 

The  mechanical  behaviors  applied  to  these  diftereni  structures  are 
"strictly  rigid ;  sku". 

"fluid,  slightly  viscous  :  CSF 
"viscoelastic :  brain. 


V)  ANALOGY 

The  image  of  a  sponge  soaked  with  liquid,  and  exposed  to  a  manual  force  can  be  used  to  illustrate  our  hypothesis  Although  it  is  a 
surface  force,  we  can  compare  it  to  a  volume  force,  i  e  a  GOR  acceleration. 

*  if  pressure  is  exerted  on  this  sponge  slowly  enough,  mechanical  stresses  inside  the  sponge  will  never  be  very  high.  The  liquid  has 
lime  to  escape,  the  sponge  does  oo\  resist,  and  manual  pressure  remains  light  but  prolonged  (figure  3,  top). 

The  terms  of  the  above  proposal  are  inverted  if  pressure  is  rapidly  exeried  on  the  sponge.  Mechanical  stresses  increase  very  sharply  inside 
the  sponge  as  the  liquid  has  not  had  time  to  escape  and  offers  maximum  resistance  (figure  3.  bottom). 

In  this  example  of  the  law  of  adton  arxl  reaction,  fluid  viscosity  is.  r^aturally,  a  determining  factor  with  respect  to  fluid  flow  out  of  the  sponge 

The  example  we  chose  becomes  a  little  less  trivial  if  the  same  experiment  is  run  wMh  the  sponge  immersed  in  a  bowl  tilled  with  liquid.  Iruuilrvely. 
we  suspect  that  liquid  flow  out  of  the  sponge  -  therefore  stresses  within  the  sponge-  directly  depends  on  the  pressure  in  the  bowl  and  r»t 
only  on  the  application  rate  of  manual  surface  forces . 

Even  if  the  pressure  is  acting  on  the  sponge  sufficiently  slowly,  mechanical  stresses  InsWe  Its  walls  are  Increased  If  the  outer  pressure 
augments  I 


5^1  HvDQthe.ses 


^  i  i  t'mctsoj qcrji*  <^z uccLvitsmoK 


PreMure  is  maintained  inside  the  sponge  (brain)  by  a  volume  force  (acceleration) 

act  '""V”  **  ®  paihophysiologlcal  Merpretation.  tGz  accelerations 

act  duratton  (classical  case  of  toferance  to  acceleration  proposed  by  A.  Stoll  |45)  fig.  A). 

with  »'•*»>"•  The  eWect  Is  that  ol  Wood  pooling  m  the  lower  nubs,  causing  Dram  hypoxia 

with  grey^jul,  black-out  and  loss  ol  consciousness.  Tissue  stresses  remain  equal  or  sUghtly  Increasa  but  never  become  noxiow. 


i 


Figure  4  :  Human  tolerance  to  accelerations  according  to  Stoii  (45).  This 
graph,  drawn  In  1956  shows  tolerance  to  +  Gz  acceleration  vs  time.  Beyond 
the  upper  line,  any  acceleration  induces  LOG.  Under  the  lower  curve  the 
pilot  remains  r»rmally  conscious.  The  slashed  area  is  the  grey-and  black*oui 
area  ;  contirutous  transition  trom  narrowing  peripheral  visual  field  to  black  out 
and,  uttimatefv.  toss  ot  consciousness. 
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In  this  case,  the  interpretation  of  inflight  LOG  would  be  strictly 
biornechanical.  The  number  of  Gz  would  play  a  significant  rote  but  the 
ortset  rate  an  even  greater  one. 

The  target  would  no  longer  be  the  hydrostatic  component  ot  vascular 
btood  pressure,  but  rather  mechanical  stresses  within  tissues 

Inertia.  >AScosity.  and  probably  geometry  01  the  vascular  system  would 
resist  the  blood  mass,  expelling  to  escape  from  the  brain.  Brain  hypoxia 
would  not  have  time  to  develop,  and  LOG  would  be  caused  by  a  sudden 
increase  in  brain  tissue  stresses  resulting  from  the  abrupt  impact  of  volume 
forces. 

As  stresses  are  similar  to  pressures,  iniiipht  1  OC  could  be.  stricto 
sensu,  the  resuS  of  sudden  imracranial  hvoertehsion 


The  brain  hypertension  hypothesis  is  graphically  represented  in  Figure  5  with  positive  tissue  pressure  changes  on  the  upper  ordinate 
and  negative  brain  blood  mass  changes  on  the  lower  ordinate,  for  the  three  graphs  . 

f.zi  CAszojxsuywsTVL'trutx.^TSQz.  <1  s.ufi) 

When  the  load  was  first  applied,  intracranial  meciianical  stresses  increased  concomHantty  with  volome  forces  applied  to  the  oram  (solid 
line.  top).  As  brain  btood  volume  decreases  (bottom),  mechanical  stresses  also  decrease  (top)  wtiHe  the  risk  of  reaching  the  hypoxic  threshold 
preceded  by  grey-  and  Wack-out  augments.  The  brain  somehow  “benefits'  (in  terms  ot  reduced  mechanical  stresses)  from  the  smaller  tissue 
blood  mass  but  also  “suffers'  from  less  oxygen. 

522  CVE  07  ^  5WP/®  SWV?  'IMfTLxr  S  gz.  5  (Jigun  S.  rigkt} 

To  make  things  easier  to  explain,  we  can  decide  that  this  acceleration  reaches  the  critical  threshold  of  brain  mechanical  tension.  When 
the  toad  is  first  applied,  mechanical  stresses  in  the  brain  increase  concomitantly  with  votome  forces  applied  to  the  brain  (top)  But  they 
continue  increasing  and  reach  the  intracranial  hypertension  threshold  as  btood  volume  is  confined  inside  the  skull.  The  brain  ’suffers' 
(through  increased  mechanical  stresses)  while  "benefiting*  from  the  oxygen  of  the  retained  tissue  btood  mass,  inflight  LOG  is  irrvnediate  and 
sideration  of  nenre  structures,  without  visual  prodromes,  can  explain  lacunar  amnesia 


Fi^re  s  Graphic  represeniatton  of  ireracranial  hypehenston. 

left:  stow  steep  turn  at  5  Gz.  1  G.S'V  Dotted  lines  show  the  course  of  brain  stresses  If  btood  was  not  drawn  out  of  the  brain.  Middle:  rapid  steep 
turn  5Gz.  5Qfs.  Ri(^  diagram  of  LOG  by  intraaariiai  hypertension  wRh  immedate  release  of  acceleration. 
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VI)  ANALYTtCAL  TEST  APPROACH  (37) 

The  analytical  test  approach  will  not  be  discussed  in  detail  as  it  has  been  extensively  developed  by  Gatti6  et  ai. 

Baseline  assumptions  are  that  the  skull  is  rigid,  nerve  tissue  connected  to  the  blood  vessel  network  has  a  vtscoelasiic  behavior  and  is 
immersed  in  the  Newtonian  viscous  CSF  The  selected  model  is  based  on  a  decoupled  study  of  the  behavior  of  the  viscoelastic  material,  of 
peripheral  tluids,  and  of  blood  flow  through  the  system. 


r  Space  variable  of  tranverse  direction. 

V2  longitudinal  local  velocrty 

t  analytic  law  ot  longitudinal  velocity. 

R  distance  from  the  centerline  to  the  wail. 

z  space  variable  of  longitudinal  directionF 

I  Vessel  length 

Rq  Radius  at  rest 

centrifuge  acceleration 

P(z.t)Blood  dynamic  pressure 

S(t,z)  Vessel  cross  area 

Fz  axial  component  of  acceleration 

Pe(z.t)  External  pressure  acting  on  the 

So  Resting  vessel  cross  area 

a(z.t)function  induced  by  radial  integration 

t  time  vahabie 

r  blood  vohjmic  mass 

Pt(z,t)  Transmural  pressure 

U(z.t)mean  vetocrty 

In  Mean  viscous  shear  stress  of  wall 

fi  t  -  Behavior  of  brain  and  CSF 

The  experimental  investigation  of  brain  stresses  v^ill  use  information  on  deformations  CERMA’s  Biomechanics  Department  is  now 
developing  a  code  of  finite  elements.  The  mesh  necessary  to  use  this  code  is  described  in  Figure  6.  The  first  results  which  are  reported  later 
were  oWained  on  a  sirrcler  sfojcture  (ref.  maximum  stresses  in  nerve  tissue  under  +  6  Gz  acceleration  .  §  6  4) 

- *  *  Two  extreme  cases  were  investigated 

a)  viscoelastic  brain  alone,  the  changes  in  stress 
fields  being  digitally  represented  by  finite  elements 

b)  rigid  brain  in  CSF,  the  deformation  of  the  viscous 
film  being  described  by  the  lubrification  equation 
(41) 


dt2 


►  SuitR'’  ^  =  M  (1  )  Y 

h'^  P 


Figure  n^7;  Elementary  geometry  of  elastic 
equivalent  vessel  cf.  Gaffi^  et  ai..  below 


integrated  on  the  skull  base  assumed  to  be  rigid  and 
digittaly  represented  by  a  two-phase  diagram 

These  two  rrxxJels  provide,  in  the  course  of 
tinf>e.  stress  fields  inside  the  brain  and  CSF.  They 
also  provide  an  order  of  magnitude  of  perturbations 
affecting  blood  flow 


A  decision  was  rrtade  to  use  a  single  elastic  vessel  to  represent  a  group  of  blood 
vessels  having  simiiaf  physical  characteristics.  The  different  tubes  were  then  connected 
to  form  a  complete  model  of  the  vascular  system.  The  tube  in  which  an  incompressible 
viscous  fluid  is  flowing  is  simultaneously  subject  to  the  action  of  the  heart,  of  a  disthbufion 
of  external  pressure  on  the  walls  and  cf  a  field  of  density  (figure  7). 


Local  equations  lor  mass  arxj  motion  conservation 


and  the  uni-dimensional  problem  formulation 

as  a 


Div.V»o  and  p 


dt 


/IIC\  A  14  11^  1  ,  ap 

'  3f  31  I'd? 

are  simply  quoted  here  (see  below:  A  detailed  digital  model  to  study  G-LOC). 


Ps 


6.3-  Review  of  the  vessel  behaviof  law  IFig.  at 


Coupling  between  the  mechanical  behavior  of  the  fluid  and  the  wail  is  represented  by  a  law  of  state,  vessel  behavior  P- 
Pe*K(z)P(S/SQ).  The  non  analytic  P  form  is  non  linear  with  respect  to  S  Wave  propagation  is  therefore  highly  conditioned  by  the  local, 
instantaneous  condition  of  the  tube,  if  transmural  pressure  is  positive,  the  tube  dilates  and  has  a  quasi  rigid  behavior  so  that  waves  travel  at 
very  high  velocity  in  the  wall  Under  negative  transmural  pressure  the  wall  terxts  to  collapse,  become  less  rigid  and  wave  velocity  is  diminished 


But  if  the  flow  persists,  the  collapsed  vessel  takes  the  shape  of  a  dumbbell 
and  flow  velocity  increases  (Fig.  6) 

Figure  8 ;  Aderial  vessel  behavior  law  (vessel  configuration  vs.  pressure) 
SupercfKicai  (U>C)  flows  may  be  observed  for  certain  types  of  perturbations, 
sometimes  followed  by  shocks  during  transition  to  sub-critical  flow 
conditions  (41). 

6.4-  Results 

Fig  9  shows  maximum  stresses  in  nerve  tissue  under  +  6  Gz.  in  the  lower 
half,  stress  exceeds  pressure  of  brain  collector  veins  taken  as  reference 
(650  Pa). 

Fig.  10  shows  the  pressure  change  in  the  fluid  pressed  at  the  base  of  the 
skull  during  runs  at  1  and  7  Q/s.  In  this  case  (hypothesis  of  sudden 
perturbation),  the  reference  pressure  is  reached  In  approximately  one 
second. 


The  cmshinaBflecI  acting  on  me  lube  during  Itwappllcalionol  external  pfossure  distributed  on  «s  wants  shown  in 

Fb  1 1  *Th^  pressure  dfetribution  causes  parietal  waves  which  propagate  along  the  lube,  mrtxHng  ’'“<=“'3'' 

aSihe  exprS^  a  sudden  change  m  bio^od  How  rale  (tel.  below:  axperimem  ol  Gattb  el  al.j.The  lirsi  results  ot  this  modelbg  approach  do 
show  that  ROH.+Gz  acceleration  can  augment  mechanical  sliesaes  In  netve  tissua. 


Figure  9.  Brain  mechanical  stresses 


6  5-  Hypotheses  on  the  effects  ol  anli-G  suit  inflalion 

What  are  the  hypothetical  effects  of  increased  peripheral  vascular  resistartces  in  the  lower  part  of  the  body  compared  to  results  obtained 
above? 

In  other  words  :  when  should  the  anti-G  suit  be  inflated  ? 

Hypotheses  on  the  effects  of  the  anti*G  suit  are  graphically  presented  in  Fig.  12. 

The  time  scale  factor  must  be  taken  into  consideration  as  it  could  be  extremely  high  (sixty,  tor  example,  when  the  G-onset  rate  rises  from 
0.1  Gz.s*''  toGz.S'^). 

As  in  previous  figures,  the  axis  of  ordinates  shows,  increases  in  tissue  stresses  (top),  and  decreases  in  brain  blood  mass  (bottom)  At 
low  Gz.s'^  (left),  the  increased  abdomen  and  lower  limb  peripheral  vascular  resistances  under  inflation  of  the  anti-G  suit  tend  to  counter  the 
decrease  in  brain  blood  flow  They  have  a  beneficial  effect  on  central  nervous  system  tissues,  which  has  been  known  and  used  for  over  fifty 
years. 

Dependir>g  on  the  considered  parameter,  this  beneficial  effect  either  er^fKes  tolerance  to  a  higher  number  of  G  tor  a  given  period  of 
lime,  or  prolongs  useful  consciousness  under  exposure  to  constant  acceleration.  The  effect  on  brain  mechanical  stresses  remains  minor 
when  compression  of  the  lower  pan  of  the  body  is  sufficientty  delayed. 

Under  high  Gz.s*'*  acceleratkin  (right)  the  field  of  volume  force  is  established  within  a  few  hundred  milliseconds,  and  the  increased  low 
peripheral  vascular  resistances  tend  to  cause  a  slight  increase  in  brain  blood  flow  H  anti-6  suit  inflation  is  rapid.  On  the  opposite,  increased  low 
peripheral  resistances  augment  ventricular  post-load,  causing  a  hydraulic  ram  effect  mostly  affecting  the  supracardtac  area  with  an  enhanced 
risk  of  loss  of  consciousness. 


Figure  1 1  Sudden  blood  flow  rate  changes  (ref.  below;  experiment  of  Qaffi^  ef  al.)  create  shocks  during  transition  from  sub-critical  to 

supercritical  blood  flow  rates. 


12E-8 


Mechanical  stresses 
in  me  beam 

k 
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Mechanical  stresses 
m  the  brain 


tnttaaamal  hypertension 
LOG  mreshoid 


Figure  12.  Hypotheses  on  the  effects  rapid  infiatfon  ot  antr-G  soit  duhno  GOR  Itop)  afKl  ROR  (bottom)  ♦  G2  episodes. 


his  comment  evidences  the  significance  of  a  third  (actor:  the  instantaneous  arterial  pressure  at  the  instant  when  loads  are  applied 

Arterial  pressure  is  expressed  through  its  different  components' 

*the  chronological  sequence  of  cardiac  cycle  and  the  irtstant  vt^n  loads  are  applied. 

'the  maximum  arterial  pressure,  itself  depending  on  several  factors ; 

•the  pilot  s  physiological  condition  (emotion,  stress,  etc...),  i.e.  sympathic  tone,  circulating  catecholamine  and  hypertensive  hormones, 
etc.  (myocardic  inotropism):  this  basal,  physiological  state  of  arterial  f^essure,  specific  to  each  aircrew  at  a  given  instant  (individual  sensitivity) 
certainly  is  one  of  the  major  parameters  determining  the  critical  LOC  threshold. 

-the  sytolic  stroke  volume  which  can  also  depend  on  the  instant  toad  value. 

These  various  aspects  deserve  to  be  seriously  examined  as  they  may  someday  provide  an  answer  10  this  puzzkrtg  question:  Why 
don’t  alt  fighter  pilots  subject  to  ROR  acceleration  similarly  exhibit  the  same  inflight  LOC  ? 

Vtl)  ARTERIAL  PRESSURE  AND  CRITICAL  imRACRAWfAL  HYPERTENSION  THRESHOLD. 

7.1  -  Chfonoioav  ol  cardiac  cycle  and  momem  ot  toad  aDotication . 

Remembering  that  only  diastole  may  show  some  time  fluctuations,  and  considering  Figure  13  which  is  a  review  of  the  various 
sequer>ces  of  cardiac  revolution,  two  cases  will  be  considered : 

1  •  The  heart  of  a  lighter  pilot  beating  at  1 20  bpm  and  exposed  to  ♦  6  Gz  at  0.5  G.s'^ . 

2-  The  heart  of  the  same  pilot  stW  beating  at  120  bpm  is  exposed  to  another  +  $  Gz  acceleration  at  12  G  s'^ 

In  the  first  case,  twelve  cardiac  cycles  can  take  place  white  the  load  Increases  up  to-*- 6  Gz  maximum.  In  the  second  case,  the  heart  has 
only  time  for  a  single  revolution  during  the  entire  phase  from  1  Gz  to  6  Gz.  considered  as  linear. 

It  is  easy  to  Imagine  that  these  two  load  application  schedules  can  irKfuce  very  different  cardiovascular  responses  I 

In  the  first  case  (6Gz,  0.5  G.s'^)  blood  has  lime  to  pool  both  in  the  venous  and  in  the  arterial  v-...isels  ot  the  lower  limbs,  gradually 
reducing  ventricular  tilling,  and  ventricular  preload  (the  force  exerted  by  the  end-diastolic  blood  volume,  as  fii^t  approximation)  This  wii)  result 
in  a  low  arterial  pressure  when  loads  reach  their  maximum,  later  counterbalanced  by  various  physiological  components  ol  arterial  pressure 

ne  into  action. 

This  is  a  well  known  fact.  descri)ed  as  the  'surprise  effect*  on  the  heart  preceding 
neufo  hormonal  regulations  (Borredon .  1*3) 

During  high  onset  acceleration,  the  load  can  be  assumed  to  develop  over  only  one 
cardiac  cycle.  Ventricuiar  preload  is  directly  determined  by  the  instantaneous  acceleration 
and  is  multiplied  by  as  much.  Synchronisafion  of  the  first  svstoMc  wave  and  hkih  onset 
accfliefalion  mav  that  be  the  datemtininQ  factor  tor  the  criticaLthreshokl  of  intracfanial 
hYMrtflfttiQn 

Tvro  extreme  sKuatlons  may  be  hypothesized : 

3)  the  beginning  ot  a  systole  coincides  with  the  beginning  of  acceleration. 

Systole  ar>d  acceleration  are  perfectly  synchronized  (Fig  14).  They  appear  at  the 
beginning  m  reiaxation. 

In  this  example,  at  12  0-S'^  maximum  load  is  reached  at  the  beginning  ol  the  following 
systole. 

*  During  the  isovolumic  systolic  phase,  preload  is  maximum  since  it  acts  on  an  end- 
diastolic  volume  whose  mass,  acceier^ed  several  times,  drastically  acts  on  motor 
pressure  (the  veniricte  must  push  an  end-<ffastolic  volume  of  140  cc.  resisting  with  a  force 
of  0.140  •6-0.840  daN  (density  -1) 

*  During  fhe  isofonic  systole  phase,  post-load  is.  at  first  sigN.  very  high  since  the 
normally  positkre  effect  of  blood  pooHng  in  the  venous  compliant  system  did  not  occur. 
Peripheral  afitflei  reaistancM  were  increased  sbtfoid  under  the  rapidly  applied  force  fteid 
<500  me).  Not  unM  the  cwdtac  revolution  (850  me  after  the  beginning  of  load 

appHca^)  «i  end^SMloNc  voijme  start  Id  dbninieh.  by  partial  blood  oonRnemonL 
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b)  The  beginning  ot  a  diastole  coincides  with  the  beginning  o(  acceleration  (Fig.  IS) 

The  two  events  are  not  synchronized  and  their  effects  are  inverse  of  those  just  described  above. 

The  increased  load  durtrig  the  isotonic  phase  has  an  adverse  effect,  still  limited  since  the  maxinum  mechanical  load  is  reached  at  the 


The  chronological  aspect  of  the  relation  cardiac  revQlution-accelefation.can  easily  be  comprehended  in  Us  concent  whereas  the  relation 
end-diastolic  volume-acceleralion  requires  the  development  ol  a  ventricle  model  which  also  takes  into  account  the  magnitude  ot  mechanical 
stresses  in  the  ventricular  myocardium 

7  2-  Changes  in  end-diastolic  volume  under  load:  model  ot  ventricle  iBriane  et  at.  IS-7II 


The  ventricle  was  represented  by  a  thick  walled  vertical  cylinder.  The  lower  portion  ot  the  cyiirxter.  modeling  the  apex .  was  tree  whereas 
the  upper  portion  was  exposed  to  radial  deformation.  The  cylirider  kept  cySndrical  shape  during  deformatior>.  The  wafi  was  made  ol  an 
incompressible  fluid  in  which  elastic  libers  were  bathing  (Fig.  16). 

The^  fibers  formed  two  rtetworks  of  regular  helices  havi^  the  same  centerline  as  the  cylinder.  Their  orientation  continuously  changed 
inside  the  wall.  These  two  networks  were  symmetrical  with  respect  to  a  pi  w  passing  though  the  cylinder  centerfine  and  volume  torsion  was 
not  taken  into  account.  The  radial  and  longitudinal  deformations  were  measured  with  respect  to  a  reference  configuration  with  no  mechanical 
strain.  In  this  investigatton  great  deformatkms  were  assumed  to  take  place 
The  law  of  fiber  direction  r(R)  varied  linearly 

s-Y(r) 

between  angle  at  the  endocardium  (RaRi)  and  -Pq  at  the  epicardium  (R«Re)  according  to  the  law 


r(R)«  ro( 


Ri+Rc-2R 

Ri-Rc 


) 


7.2,1  WALL 

The  cylinder  elongation  coefficient  was  defined  using  z  •  t  Z.  Local  fluid  incompressibility  was  expressed  as:  rdrdz>RdRdZ 
By  integration,  we  oblair>ed 

When  the  pitch  ol  an  helicoidal  fiber  was  compared  in  the  deformed  configuration  and  in  the  reference  configuration,  wre  obtained  the 
relation 


r  (g  r  =  ^  R  eg  r 

The  fber  elongation  coefficient  a  is  the  ratio  of  the  length  of  a  fiber  component  in  the  deformed  configation  to  the  length  of  this  same 
component  in  the  reference  configuralion.  Since  fibers  were  helicoidal.  we  obtained 


.  X  R  t 


and  a^» 


We  can  also  write 


R2  +  R2{tgr)2 


R2 


♦  (cosr)2  +  x2(slnr)2 


(1) 


In  the  deformed  configuration  fiber  directions  of  both  networks  were  given  by 

t‘*’a  cosy  Cg-t-sinY  €2  t*s-cosTre0+sinye2 

where  (cr.  ee.  ex)  were  the  base  vectors  m  cylindrical  coordinates 
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*the  deformation  consists  in  a  sequence  of  quasi  static  equilibria. 

*the  intravenlri^riv  fluid  Is  an  inoompressible  perfect  fluid 
*the  ventricle  is  submitted  to  a  constant  vertical  inertial  force  pae2 
which  corresponds  to  a  centripetal  acceierafion  -a 

'under  the  effect  ot  irwrtia,  the  lateral  surface  of  the  ventricte  wall  is  siA)jected  to  a  field  of  hydrostatic  pressure 

&p  -  poAi  ( 2  ) 

'but  the  irvter  surface  of  the  eyinder  is  subiected  to  a  nuH  external  pressure  ;  in  other  vrords.  the  ventricle  does  not  bathe  in  a  fluid 
subject  to  hydrostatic  pressure. 

7JJ  msevrnoKoJ  mssu  in/otL  yifrocmtML  W)u.c 


'Stresses  m  the  myocardM  wal  are  caused  by  fluid  pressure  ^r.z)  and  teneton  T  of  fibers. 


I2E-U) 


*Sires$  caused  by  the  fluid  pressure  supposed  to  be  perfect  is  tsotroptc.  Stress  caused  by  libers  acts  in  the  direction  of  libers,  i.e. 
T‘*'ar>d  r 

‘Inner  stresses  are  represented  by  a  matrix  £.  If  n  is  a  direction  in  space,  vector  In  represents  the  force  applyirtg  to  the  side  of  an 
elementary  cube  of  the  b^  oriented  in  direction  n.  In  the  present  case,  the  stress  matrix  I  of  the  ventricle  wall  is  given  by  ; 

Ijj  .  -  p  ♦  T  ( t*  t*  tj  )  ( 3  ) 

Tension  T  is  expressed  as  ^Chadwictr,  ( 13)} 

T-t(1-p)E+pE-Ho-1)+pTQ  {4) 

where  ^  is  a  time  function  between  O  and  l .  representing  the  activity  of  carc^  f^rs  during  the  cardiac  cycte. 

We  obtain 

0=  0  passive  state  (end  of  diastole) 

0=  1  active  state  (end  at  systole). 

In  the  passive  state,  tension  T  equals  a  force  of  elastic  recovery  pmportional  to  the  relative  elongation 

a-l  :  T  =  E  (o  -I). 

However,  in  the  active  state,  the  fiber  does  not  behave  as  sim^^e  elastic  material.  The  dtfterence  in  behavior  is  represented  by  the 
maximum  'physrologrcar  tension  Tq  applied  by  the  fiber. 

:  4  liyu.-tTiafi t>r  ccfKTi'Kuoxts  ‘MVDtn  xqu/i/mi/iiW 


The  equation  of  deformable  continuous  media  equilibrium  in  a  quasi  static  state  is 

div  I  +  f  =  0 

where  t  represents  the  inertia  force  per  unit  volume 
In  the  present  case  we  obtain 

div  I  ♦  P**/.  ~  ^ 

where  divergence  is  expressed  with  respect  to  cylindrical  coordinates  (r.  0.  /.)  of  the  deformed  configuration. 

Using  this  equilibrium  equation  we  obtained  the  differentiaf  system  giving  the  pressure  gradient  as  a  function  of  tension  T  and  vehicaf 
coordinate  z 

if,’-}-*  (cosri^T 

I  ^ 

The  reference  pressure  was  the  extra-veniricuiar  pressure  at  z=0. 

According  to  the  hydrostatic  law  (2)  we  obtained  the  bourxlary  cortdiiion 

p(r^,r.)  -  paz  (6) 

Using  the  system  (S)  and  the  boundary  condition  (6)  we  obtained  the  intra-venthcular  pressure  p  (r.z) 


p(r.z)  -  J  7  {cosy)^!  ds  ♦  paz 
r  * 


Pressure  tank 


flmr  equafton 


Equrttboum  , 
ftr* p(f_.|)  J 


2nrdr»0 


Na  torsron 

OlrVy  radial  qelormatton 


R,+R  -20 


-^^+(cos  r)*+  A.*(sinr)' 


rtg  y  =XRtgr 


A  second  equation  was  necessary  to  calculate  the 
elongation  coeflicient  t  which  determines  the  deformation 
of  the  cylinder.  This  equation  was  given  by  the  equilibrium 
of  the  Cylinder  base  Zai  under  the  effect  of  internal  and 
external  pressure  forces.  The  cavity  pressure  at  z^i 
applies  a  constant  force 

-rtr^ piTj.l)  ©2 

Veclor  ICj  represents  the  resultant  of  surface  forces 

acting  on  the  base  of  the  ventricle  wall 

The  equilibrium  of  the  cylinder  base  corresponds  to  the 

canceling  of  the  sum  of  projections  ez  of  these  forces. 

giving 

2 

-  i  P(^i.O  +  /  I  e,  e,  2nrdr  -  0 


-p(rj.l)  +  2T(sin  y)^ 


It  [4(sin  y)^  ■  2(C0S  y)^]  rdr  »  par|l 


,  *  To  complete  the  mechanical  study  of  fhis  model,  we  had  to 

j  represent  blood  flow  vhen  one  of  the  mitral  valves  (filling)  or 

T  aortic  valves  (emptying)  is  open.  Valves  are  assumed  to 

^  put  the  ventricle  base  (zbo)  in  contact  with  a  reservoir 

( )  Saw  vectors  m  cyiinqt«ai  urxter  cor^tant  pressure  p^.  CXiring  the  filling  phase,  this 

ceerdnam  ^ 

reservoir  represents  the  left  atrium,  arid  durir>g  the 
emptying  phase  R  represents  the  arterial  system. 

The  Poiseuriie  equation  describes  btood  flow  through  the 
vwMut  prsMurq  valves 

r  2  *  Po‘  >0)  •  cO 

I).  J-(eos7)Tda*  paz  wfie»»c)»ltieval«fa»Wanc«aiidQlf«aeat<*aeoulpul. 

,,, ,,  n  Iha  valva  it  eytinitrical.  tatlttanc*  c  can  be 

ncie  mooei.  - ■  „ 

.lomuiion.  azpwaaad  at 


Figure  16 :  Diagram  ot  vantiida  modai. 
ComponanM.  bouridaiy  oonMiona,  load.  datormaHona.  How. 
pranura. 


.  i2(eos7)’Td8*  paz 


I2E-II 


8nly 


where  M  is  bkxxj  viscosity,  1^  is  the  length  and  ry  the  radius  of  the  valve 
The  cardiac  ou^xjt  O  and  the  ventricle  cavity  volume  V  are  related  as  O  ■  ^ 
We  obtain  the  following  How  equation 

PoP(r|,0).c^ 

7Xi  tfSVL'tS 


Sirmlalion  orinctoles 

The  left  ventricle  filling  phase,  used  as  model,  was  studied  under  various  acceleration 
profiles.  Given  an  atrial  pressure  Pq  oolncidfng  with  pressure  p(h,OJ  ^  the  opening  of 
the  mitrai  valve  taken  as  time  origin,  and  a  pre*fillir^  volurrM  Vq.  we  derived  from  this 
pressure  the  initial  ventricle  activity 

We  applied  (he  activation  principe  3(i)  exponentially  decreasing  as  a  function  of  time,  taking  the  value  Pq  at  the  initial  instant  (Fig.  17). 
Knowing  the  effect  the  time  law  p(t)  we  calculated  ai  each  time  increment 

*the  intraventricular  pressure  p  (rj.o).  *th6  intraventricular  volume  V,  *the  cylinder  stretched  length  X  . 

Oiffemnt  simriations  were  run  weh  increasing  acceleraiions  OGz.  i  Qz.3<^and5G2 

Data 

Geometrical  reference  data.  R|  -  1  5  cm,RQ  •  2.4  c.  V  •  SOoc.  0^*70*.  c  •  5  U.S.l.  (PoiseuiBe  law  resistance). 

Elasticity  modulus  (mmHg)  E-  23.07:  E‘-  171  54;  Tq  =»  19.23 
Initial  data  Pq-  1 1  S  mmHg.  Vq  -  1 00  cc 

The  ditferent  simulations  were  run  for  dt«  0.5s  (Data  correspond  to  a  viscosity  ol  5  10'^  Pa  s). 

Results 

Pressure-volume  curves;  p(r|  .0)  as  a  function  ot  v .  Pressure-lime  curves;  p(r^  .0)  as  a  function  ot  t  Volume-lime  curves:  v  as  a  tunction 
of  I.  In  each  series  curves  are  represented  as  a  function  ol  acceiera 

(intraventricular  pressure  p  (ri.  O) 
intraventricular  volume  v  under 

ventricle  elongation  I 

PriKMuM-volmna  cuiva  IFio.  181 

The  intraventricular  pressure  shows  interesting  flucluations  at  the  opening  of  the  mitral  valve,  it  decreases  at  the  beginning  of  diastole 
with  myocardial  relaxation  and  rises  when  volume  increases.  This  phenomenon  is  enhanced  as  acceleration  in  the  longilunal  axis  ot  the 
ventricle  increases.  For  a  given  volume,  end-diastolic  pressure  under  $  Gz  is  much  lower  than  under  a  field  of  normal  gravity,  and  even  more 
so  if  the  ventricle  has  a  high  storage  capacity  In  this  study  where  storage  capacity  is  not  limited,  volumes  greater  than  250  cc  have  to  be 
reached  under  SGz  to  obtain  a  diastolic  pmssure  equal  to  (hat  normaffy  observed  in  a  subfecr  placed  in  (he  fiekt  of  earth  graviry. 

Pressure-time  cunre  (fio.  191 

The  pressure-time  curve  clearly  shows  reduced  pressure  in  the  early  diastolic  phase.  Not  before  230  ms  at  5  Gz  can  the  ventricular 
pressure  recover  the  value  it  had  at  the  very  beginning  of  the  relaxation  phase.  It  this  ol  lime  corresponds  to  a  heart  rate  ol  103  bpm.  the 
volume  associated  with  this  pressure  is  er^irety  unrealistic  since  K  reachm  extreme  values  of  250  cc. 

Considering  a  heart  rate  of  120  bpm  (diastolic  time  150  ms),  intra  ventricular  pressure  under  5  Gz  is  much  lower  than  what  R  would  be  at 


Gz  -  0 
Gz  »  1 
Gz  -  3 
Gz  •  5 


ResuRs  are  plotted  in  several  curves 


Yofamg-tHTM  curvfl  (Fig.  20) 

Comments  on  pressure-volume  and  pressure-time  curves  also  apply  to  the  volume-time  curve  where  the  application  ol  a  force  held  at 
the  beginning  of  the  relaxation  phase  induces  an  increase  in  ventricular  volume,  proportionai  with  the  rrragnitude  of  this  force.  Mechanical 
force  fields  are  considered  as  established  and  steady,  and  no  concept  of  rate  of  change  in  volume  forces  is  applied 

7.2.7  DISCUSSPN- PROSPECTS 

Rasuls  show  a  vary  claar  influence  of  Gz  accelerations  on  the  diastoKc  ventricular  function  SchematicaNy.  the  most  signiicani  ettects 
of  incretainQ  aooslarMons  on  thi  model  ira ; 

*  reduced  preeaurt  at  the  beginnino  of  the  fiang  phase  e^Kewmg  increased  suction  of  aMal  blood  by  the  venMde. 

*  Increased  dMstolc  volume 

*  higher  fWng  rate. 


i:e-i 


Figure  21.  Canliac  effects  of  ROR  +  Gz  acceleration  when  both  events  are 

perfectly  syrtchronized 

Hypothesis  on  the  sum  of  the  three  effects 

1) chronofogical 

2) voiufT« 

3)  heterometric 

superimposing  on  the  basal  effect  of  myocardial  homeometric  adiustment  capable 
of  raising  the  instantaneous  intracranial  pressure  and  explaining  inter-and  intra- 
individual  G-LOC  differences. 


Two  critical  comments  can  be  made  on  these  results  one  relative  to  the 
structure  of  the  model,  the  other  relative  to  result  analysis 

A  cytincfrical  model  is  naturally  different  in  aspect  from  a  real  ventricle  The 
choice  of  this  particular  geometry  is  partially  justified  by  the  literature  and  offers 
the  advantage  of  an  analytic  processing.  This  model  evidently  does  not  include  a 
pericardium. 

Analytical  criticism  often  pertains  to  these  imperfections 
-  the  cylindricai  configuration  relies  on  the  hypothesis  of  a  hydrostatic  pressure 
outside  tf^  cylinder  wall  white  its  lower  portion  is  in  contact  with  a  null  pressure 
ventricle  would  be  null,  but  such  a  condition  is  incompatible  with  the  design  of  a 

cylindrical  model 

-  the  nxxfel  does  not  take  into  account  the  role  of  the  pericardium  which  prevents  excess  stretching  of  the  myocardium.  Large  filling 
volumes  can  thus  be  obtained  The  realistic  use  of  results  imposes  a  tirrte  limit  (ISO  ms)  for  calculations.  This  limit  is  thoroughly  compatibie  with 
the  application  of  a  load  to  a  heart  beating  at  120  bpm. -finally,  contrary  to  experimental  protocols,  the  application  of  this  load  does  not 
continuously  vary  until  a  plateau  is  reached.  Results  are  those  of  a  process  which  changes  in  time  in  the  presence  of  various  force  fields 
whose  fluctuation  rate  at  the  origin  is  infinite. Under  these  corxfrtions.  the  effects  of  Gz  accelerations  over  150  ms  are  a  decrease  m 
intracavity  pressure  ai  the  beginning  of  diastole  arid  an  increase  in  erKl  •  diastolic  suction  pumping  of  the  heart. 

As  a  result,  if  no  physiological  regulation  takes  place,  inertial  forces  due  to  ROR  *  Gz  acceleration  (infinite  onset  rate  in  this  study) 
enhance  the  inflow  of  blood  during  the  diastole  of  the  first  cycle  of  a  heart  subject  to  this  force  field,  and  significantly  increase  the  systolic 
stroke  volume,  hence  arterial  pressure  during  the  following  ventricular  contraction 

Our  hypotheses  on  a  chronological  effect  of  synchronized  events  on  systolk:  pressure  should  be  revised  and  upgraded.  Four  factors 
influence  the  situation  (Fig.  21 ).  Three  are  directly  related  to  the  load  rate  ol  change,  two  being  pnmary.i.e.  chronological  and  volume  effects, 
the  third  being  secondary,  i  e  the  Starling  law  effect  (heterometric  myocardial  adjustment)  under  increased  systolic  stroke  volume.  The  fourth 
effect  is  autonomous,  it  concerns  the  neurohormonal  inotropic  adjustment  of  canliac  function  (homeometric  adjustment),  and  the  adjustment 
of  vascular  motricity. 

Finally  the  synthetic  diagram,  summing  all  the  hypotheses,  can  be  establish.  Figure  22  is  the  diagram  ol  hypothesis  relative  to  inflight 
LOG  intracranial  hypertension  in  fighter  aircrew  expose<j  to  ROR  acceleration,  and  integration  into  the  dassicai  theory  of  hypoxia  under  GOR 
acceleration  (resp^ive  time  courses  of  intracranial  hypertension  and  brain  hypoxia  are  not  accurately  represented) 


In  a  more  realistic  model,  the  pressure  outside  the 


Vlil)  CONCLUSIONS 

The  tilt  of  aircrraft  during  a  slow  steep  turn  subjects  the  pilot  to  an  acceleration  which  is  colinear  to  the  longitudinal  axis  of  the  body  and 
can  reach  several  times  the  acceleration  ol  earth  gravity. 

The  centrifuge  effect  which  crushes  the  pilot  in  his  seat  also  acts  on  fluids  Blood  is  shifted  toward  the  lower  limbs,  causir>g  cerebral 
hypoxia,  sometimes  associated  with  inflight  loss  ol  consciousnes.  preceded  by  grey*oul  and  black-out.  The  compression  ol  the  abdomen  and 
lower  limbs  by  an  anti-G  suit  which  resists  blood  pooling  in  areas  below  the  heart  therelore  provides  good  protection 

With  the  use  of  new  technologies  to  build  fighter  aircraft  capable  ol  generating  ROR  ♦  Gz,  a  new  symptomatology  of  inflight  LOG 
developed  ;  rapid,  without  visual  prodromes,  without  recollection  ol  the  aa;ident.  The  time  scale  is  ol  the  order  ol  a  second,  probally  even  less 


The  purpose  ol  this  study  is  to  propose  a  strictly  biomechanic  explanation  of  sudden  inllighi  LOG.  I  e  brain  nerve  structures  subject  to 
ROR  +  Gz  become  functionally  inefficient,  not  because  ol  a  shortage  ol  oxygen,  but  because  a  sudden  rise  in  brain  mechanical  stresses 
causes,  strictosenso.  sudden  intfacranial  hypertension 

A  simple  model  is  proposed  to  analyze  three  parameters  ; 

'  pressure  distribution  in  CSF. 

*  distribution  ol  stresses  and  delormalions  throughout  the  brain 

*  changes  in  blood  flow  pulsed  into  the  skull 

Calculations  show  the  inlluerx^e  ol  a  sudden  change  in  flow  rate  causing  collapses  and  supercritical  flows  sometimes  followed  by 
intravascular  shocks. 

The  first  results  of  this  modeling  study  indicate  that  ROR  Gz  acceleration  could  augment  mechanical  stresses  inside  nerve  tissues, 
and  therefore  result  in  sudden  intracranial  hypertension  hypertension. 

The  threshold  intracranial  pressure  at  which  LOG  could  occur  can  be  discussed  with  respect  to  the  instantaneous  arterial  pressure  and 
heart  parameters.  Four  effects  were  analyzed  : 

*  chronological  effects  of  the  cardiac  cycle  vs  load  application  time. 

*  volume  effects  of  systolic  stroke. 

*  heterometric  adjustment  of  myocardium 

*  neurohormonal  inotropic  adjustment  of  cardiac  function  (homeometric  adjustment). 

Under  these  hypotheses,  rapid  pressurization,  sometirrtes  anticipated,  of  the  anti-G  suit  Is  suspected  of  being  rtoxious.  creating  a 
'hydraulic  ram  eftecT  in  the  brain-bound  vascular  system,  thus  increasing  the  risk  ot  earty  intracranial  hypertension. 

The  use  of  the  anti-G  suit  naturally  remains  an  indispensable  (Kotection  as  a  pilot  who  escapes  early  intracranial  hypertension  may  well 
suffer  infllghi  LOG  by  cerebral  hypoxia  a  few  seconds  later 

HypolhBSM  on  Jarefatal  hvnaitgnskin  do  nol  conlradlcl  tfw  Itwow  ot  twnc»ia  ihiw  oompleiTiM*  I.  CurranI  studtM  on  (Mayed  antl<3 

sun  mnatton  mpectivo  ot  accolOfaHon  onMt  ralm  am  perfedly  logWmat*  «  we  wan  10  avoid  the  rM(  of  eautmo  axldenls  m  sublocls  MWcMy 
carried  to  resistance  Iknlts  which  are  tirsi  blornechanical.  then  physiological 
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Diuo  +F  -  PY  =0 

t 

9i(ecfianic^stnssts  VoCumt  (massiforu  density  Inertial foru  density 
per  unit  volume  per  unit  volume 


€  Acceteration  Y 


Cfutn^ts  in  the  system  under  the  effect  of  inertuU fortes  in  fluids  and  muhonical 
stress  fCuctuatiotu  in  tissues, 
depending  on  the  rate  of  change  in  vtdiune  fortes. 


dl/dt  Changes  in  onset  rates 


(Brain  iHeart 

d1/dt  dl/dt 
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RESPIRATION  EN  PRESSION  POSITIVE: 


EFFETS  SUR  LA  TOLERANCE  HUMAINE  AliX  ACCELERATIONS  r  G,. 


ASSISTED  POSmVE  PRESSURE  BREATHING: 
EFFECTS  ON  +G,  HUMAN  TOLERANCE  IN  CENTRIFUGE. 
JM,  Ct»re,J.W.  Burns* 


L^boratoire  de  Mddedne  A^ro^atiale, 

Centre  d’Essais  en  Vol» 

F-91228  Br^ti^y  sur  Orge  Cedes,  France 

*  Acceleration  c^ect  Laboratory 
Crew  Tedinology  Division 

USAF  Det.4  AL/CFTF  Brooks  AFB.  TX  78235-5301,  USA. 


RESUME:  Le  but  de  cede  experimentation  est 
d’evaluer,  sur  la  centrifugeuse  de  la  Crew  Technology  Divi¬ 
sion,  le  gain  de  tolerance  aux  accelerations  -f  apporte  par  la 
re^iration  en  pression  positive.  Les  six  volontaires  masculins 
participant  k  cette  etude  etaient  equipes  d’un  casque  avec  une 
poche  ocdpitale,  d'un  masque,  d'une  veste  et  d'un  pantalon 
anti<G  conneaes  &  un  systeme  de  regulation  d’air  k  haut  debit. 
Le  siege  ejectable  etait  incline  k  30*  (incUnaison  Rafale). 
Chaque  sujet  a  effectue  avec  et  sans  surpression  respiratoire 
les  deux  series  deprofUsd' accelerations  suivantes:  la  premiere 
serie  compoitait  deux  lancements  e  9  >  G^  avec  plateau  de  10 
s  (mises  en  acceleration  e  1  et  4  G.s  *),  la  seconde  simulant  le 
combat  aerien  (succession  de  plateaux  de  10  s  4  5  et  9  ^  G,  avec 
des  mises  en  acceleration  de  4  G.s  ‘).  Les  sujets  effectuaient 
des  manoeuvres  de  protection  anti-G.  Le  contrdle  physiolo* 
gique  est  effectue  par  un  eiectrocardiogramme  et  un  te^  de 
champ  visuei.  RESULTATS:  La  re^iration  en  pression 
positive  n’ameijorc  pas  la  tolerance  lors  de  mises  en  accelera¬ 
tion  rapides  et  n’a  pas  d’action  sur  la  frequence  cardiaque.  En 
revanche,  ellc  augmente  le  temps  de  tolerance  asiX  .wciera- 
tions  (167.9  +.  38.4  s  avec  s'uprcssion  88.4  ±  2.LI  s  sans 
surpression, p  <  0.001).  Cesrcsultatssontsimilaires^c^uxde 
la  bibliographie  et  montrent  I'interet  de  cette  methode. 


UmflBUqiQM, 

La  re^iration  en  pression  positive  sous  faaeur  de 
charge  a  ete  suggeree  comme  moyen  de  proteaion  anti-G  U  y 
a  une  trentaine  d’annees.  Plusieurs  auteurs  ont  demontre  que 
cette  methode  ameiiorait  la  tolerance  aux  accelerations  par 
reduaion  de  la  fatigue  et  de  Tinconfort .  Etle  serait  equivalente 
4  la  manoeuvre  Ml  (Shubrot^  1973).  Associec  4  la  manoeu¬ 
vre  Ml,  ellc  augmente  la  tolerance  4  des  niveaux  cTacceiera- 
(ion  superieurs  aux  niveaux  attaints  par  les  avions  4  hautes 
performances  tels  que  les  F 16,  F 14,  F 15  et  M  2000  (Qere  et 
coll.,  1988).  Le  temps  de  tolerance  mesure  lors  d'un  proTii 


ABSTRACT.  The  goal  of  this  paper  is  to  present 
an  experiment  Ou  the  effea  of  APPB  as  a  method  of  increasing 
G-time  tolerance  and  improcing  very  rapid  onset  rate  (VROR) 
tolerance  using  French  APPB  equipment.  Six  male  volunteers 
were  used  on  the  USAF  School  of  Aerospace  Medicine 
centrifuge.  The  French  equipment  used  was  a  helmet  with  an 
occipital  bladder  for  automatic  mask  tightening,  mask,  jerkin 
and  G-suit,  breathing  regulator  atid  high  flow  G-valve.  A 
standard  USAF  ejection  seat  was  used,  positioned  at  30*  (F-16 
configuration).  Acceleratio**  profiles  were  9  4  G,  for  10  sec  at 
1  V  $■'  or  4  G.s  ‘  and  a  5-9  +G^  SACM  profile  at  4  G.s  *,  with 
and  without  APPB.  The  anti-G  straining  maneuver  (AGSM) 
was  used  as  necessaryto  maintain  adequaievision.  APPB  was 
a  maximum  of  9  ki*a  (68  mmHg)  at  9  4-G,.  Heart  rate  was 
calculated  and  heart  rhythm  anomalies  were  detected  by  an 
EKG.  APPB  had  no  significant  effect  on  VROR  tolerance  or 
heart  rate.  APPB  statistically  increased  C-time  tolerance 
(167.9  ±  38.4swith  APPBand884  ±  23.1  s  without  APPB  (p 
<  0.001).  These  results  arc  consistent  with  those  obtained  in 
prcvitHis  studies. 

l.INTRODUCnON, 

The  Assisted  Positive  Pressure  Breathing  (APPB) 
during  acceleration  was  first  suggested  as  an  adjunct  to  acce¬ 
leration  protection  some  30  years  ago.  Since  then  several 
authors  have  reported  APPB  to  be  effective  in  raising  G, 
threshold  and  reducing  fatigue  and  discomfort.  Shubrooks 
(1973)  hasreported  APT  fi  to  be  approximatively  equivalent  to 
the  Ml  manoeuvre  in  increasing  *  G,  tolerance.  Clbre  et  al. 
(1988)  have  demonstrated  that  APPB  used  with  a  good  anti-G 
straining  manoeuvre  increased  the  G  level  tolerance  to  more 
than  the  maximum  G  performance  of  F 16,  F 14,  F 15  and  M 
2000.  Bums  and  Balldin  (1988)  have  demonstrated  that  mean 
acceleration  tolerance  time  duringa  Simulated  Aerial  Combat 
Manoeuvre  (SACM)  was  significantly  increased  by  106  %  at 


13-2 


d’acc616ration  simulant  !c  combat  a6rien  est  augment^  de  108 
%  pour  unc  valeur  dc  pression  de  6.7  kPa  (50  mmHg)  ct  de  88 
%  pour  une  valeur  de  pression  dc  93  kPa  (70  mmHg)  par 
rapport  k  une  situation  sans  respiration  en  pression  positive 
(Bums  et  Balldin,  1988). 

Le  but  de  notre  experimentation,  effcctuec  dans  le 
cadre  d’une  cooperation  entre  le  Laboratoire  de  Medecine 
Aerospatiale  et  TAcceleration  EfTect  Laboratory,  Crew  Tech¬ 
nology  Division,  est  d’evaluer  le  gain  de  tolerance  ^porte  par 
la  re^iration  en  pression  positive  lors  de  miscs  en  acceleration 
rapides.  D’autre  part,  nous  avons  voulu  verifier  son  effet 
positif  sur  le  temps  de  tolerance  k  des  accelerations  simulant 
le  combat  aerien. 


2.  METHQDES. 

2.1.  MATERIEU 

2.1.1.  Equipement. 

Chaque  sujet  est  equipd  d'une  veste  (VHA  90), 
d'un  masque  (IN  MP  90)  et  d’un  casque  (OS  SOO),  prototypes 
fabrii  6s  par  des  equipementiers  fran^is,  et  d’un  pantalon 
anti-G  820)  (photographie  n*l). 

Un  ensemble  regulateur-valve  anti-G  de  labora¬ 
toire  foumit  la  pression  k  I'interieur  de  (’dquipement  (Hg.n*!). 

La  loi  de  surpression  respiratoire  est  de4.S  kPa.G 
‘  (33,7  mmHg.G  ‘)  pour  des  niveaux  d’acceidration  compris 
entre  4  et  6  +  O,.  Un  bouton  poussoir  permei  de  deconncctcr 
la  surpression  respiratoire.  Une  surpression  dc  base  deO.5  kPa 
(4  mmHg)  est  automatiquement  dtablie  quelque  soit  le  niveau 
d’accdl6ration. 

La  pression  dans  le  pantalon  anti-G  est  de  7  kPa.G 
‘  (1  psi.G  ')  k  partir  dc  2,2  +  G^.  La  pression  maximum  foumie 
est  de  50  kPa  (7,25  psi).  Unc  pression  dc  base  de  1  kPa  (0,14 
psi)  est  6tablie  entre  1  et  2.2  -f  G^. 


2.1  J.  Moyens  d'essais. 

L’exp6rimentation  esc  men6e  dans  la  centrifu- 
geuse  humaine  de  la  Crew  Technology  Division.  Le  si^ge  est 
incline  de  30*.  Les  sujets  sont  surveill^s  grflee  k  un  circuit  de 
t616vision.  Chacun  d’eux  est  capable  d’arr^er  k  tout  moment 
la  centrifugeuse  avec  le  «syst&me  de  veilie  automatique  de 
contrOle  du  maintien  d’appui*.  II  en  est  de  m£me  pour  le 
responsable  de  rexpdrimentation  qui  est  en  contact  avec  tous 
les  intervenants. 


PPBjq  (6.7  kPa)  and  by  88  %  at  PPBj^j  (93  kPa)  compared  to 
tolerance  time  without  PPB. 

The  goal  of  this  paper  is  to  present  a  joint  experi¬ 
ment  between  the  Crew  Technology  Division  of  the  US  Air 
Force  School  of  Aerospace  Medicine  and  the  Biodynamic 
Division  of  the  Aeropace  Medical  Laboratory  concerning  the 
effect  of  APPB  on  the  G  onset  tolerance  and  concerning  the 
time  tolerance  during  a  SACM  profile. 


2  METHODS 

2.1  MATERUL. 

2.1.1.  Equipement 

The  equipment  includes  a  personnal  equipment 
and  a  re^iator  anti-G  valve  ensemble  (picture  n*l). 

Subjects  wore  equipment  with  an  anti-G  suit  (ARZ 
820),  a  jadeet  (VHA  90),  a  mask  (IN  MP  90)  and  a  helmet  (OS 
500)  which  were  produced  as  prototypes  by  French  manufac¬ 
turers. 

The  APPB  was  produced  by  a  laboratory  regulator 
anti-G  valve  ensemble  (fig.  n*l). 

Figure  N'^  1 


flMTI-G  SUIT  inflation  AMD 
3REATHING  PRESSURES  SCHEDULES 


PRESSURE  <UPa) 
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Photographie  n®  1 


Equlpement  de  surpression 
respiratoire  avec  la  veste 
VHA  90  et  le  pantalon  antl-G 
ARZ  820. 


22.  MESURES. 

Pluftieurt  paramitres  sont  mesur^  e(  enrcgutr^ 
sur  det  enregistreun  magn^ique  et  papier.  La  plupart  sont 
num^ris^  sur  un  ordinateur  PDF  11/34. 

Le  fonctjonnement  de  I’^quipement  est  v6riri4 
grflce  4  la  meture  en  continu  det  prestions  dans  le  pantalon 
anti'G  et  la  veste. 


The  schedule  of  inhaling  pressure  was  33.7  mmHg.G 
'  (4.$  kPa.G ')  between  4  and  6  G^.  A  switch  permitted 
disconnecting  APPB  before  the  runs.  A  ready  pressure  of  4 
mmHg.G  ’  (O.S  kPa)  was  set. 

The  anti‘G  valve  pressure  schedule  was  1  pu.G  '  (7 
kPa.G  ')intheantUG  suit  from  2.2  G,.  The  maximum  pressure 
provided  is  7.25  psi  (SO  kPa).  A  ready  pressure  of  0.14  psi  (1 
kPa)  was  set  at  1  G. 


2A2.  Experimental  set. 

The  experiment  was  carried  on  the  6.1  m  radius 
USAFSAM  <^ntrifuge.  The  scat  was  reclined  of  30  degrees. 
Subjects  were  visually  obseived  via  closed-circuit  color  televi¬ 
sion.  Each  subject  was  able  to  stop  the  centrifuge  with  a  «dead 
man*  switdi  at  any  time»  as  was  the  central  observer,  who 
maintained  voice  contact  with  each  member  of  the  team. 


22  MEASUREMENT. 

Several  parameters  were  measured,  recorded  on  a 
strip  chart  and  on  a  magnetic  tape  recorder.  Most  of  them 
were  digitized  on  a  PDP  11/34  computer 

An  electrocardiogram  (EKG)  was  recorded  be¬ 
fore,  during  and  after  the  different  runs.  It  permitted  to  detect 
EKG  anomalies  but  also  to  calculate  the  heart  rate. 

The  visual  field  is  evaluated  subjeaively  with  the 
standard  light  bar  used  in  Brooks.  On  this  bar  is  mounted  a 
central  red  light  for  fixation  and  testing  of  central  vision  and 
two  green  lights  0355  meter  on  either  side  of  the  central  light 
for  teeing  of  peripheral  vision  (visual  angle  set  by  both  green 
lights  is  48  degrees).  The  tolerance  criterion  of  peripheral 
light  loss  (PL)  is  set  for  all  runs  since  this  end  point  has  been 
found  to  occur  at  a  highfy  consistent  G  level  and  decreases  the 
ri^  of  blackout  and  unconsciousness. 


23  SUBJECTS. 

Six  male  volunteers  of  Brooks  centrifuge  panel 
participated  at  this  experiment.  They  were  required  to  pass  a 
Class  II  flying  physical  examination. 

They  were  ranging  in  age  from  23-28  yrs  (x«  25 

yn). 

ranginginheightfr<wtL67-1.97m(x«  182m)aiKl 
ranging  in  weight  from  60-97  kg  (x«  81.00  kg). 


L'ilearocardio^ramme  est  enregistrd  avant,  pen¬ 
dant,  et  apr^  les  diH'drents  lancements  dans  le  but  de  d^tecter 
les  anomalies  mais  aussi  de  calculer  la  fr6quence  cardiaque. 

Le  champ  visuel  est  6valu6  subjectivement  gr4ce  h 
la  rampe  standard  utilis6e  k  Brooks.  Une  lumi^re  rouge 
centrale  permet  de  fixer  le  regard  et  d’6valuer  la  vision 
centrale;  deux  lumi^res  vertes  plac6es  k  0^55  m  de  part  et 
d'autre  de  la  lumidre  rouge  perm^tent  de  tester  la  vision 
periph^rique.  L’angle  visuel  entre  les  deux  lampes  vertes  est 
de  48*.  La  limite  de  tolerance  est  ddtermin^  par  la  perte  de 
vision  p6riph6rique,  c’est  k  dire  la  pene  des  deux  lampes 
vertes.  Cette  m6thode  6vite  le  risque  de  voile  noir  et  de  perte 
de  connaissance. 


2  J.  SUJCTS. 

Six  volontaires  masculins  du  groupe  des  sujets 
d*exp6rimentat  ion  de  Brooks  ont  particip6  k  cette  £tude,  apr6s 
avoir  subi  avec  succds  les  examens  mddicaux  d’aptitude  a^ro- 
nautique  classe  IL 

Leur  Ige  variait  entre  23  et  28  ans  (m  «  25  ans), 
]eurtajl]eentrel,67etl,97m(m  «  1,82 m)etleurpoids entre 
60et97kg(m  >  8t  kg). 


2.4,  PROTOCOLE. 

L*exp4rimentation  comporte  deux  series  de  lance¬ 
ments  de  la  centrifugeuse  durant  lesquels  les  sujets  portent 
l’6quipement  complet  et  effectuent  des  manoeuvres  anti-G.: 

La  premiere  s4rie  consiste  en  4  lancements  dont 
les  profits  sont  les  suivants: 

-  9  -f  G,  d  1  G.s  ’  sans  surpression  respiratoire. 

'9  -fG,  ^  1  G.S '  avec  surpression  respiratoire. 

-  9  -t-G^kA  G.s  ’  sans  surpression  respiratoire. 

-  9  4-G,  &  4  G.s  '  avec  surpression  respiratoire. 

Pour  chaque  lancement,  racc4l4ration  de  9 
est  maintenue  pendant  un  plateau  de  10  s. 

La  deuxi^e  s4rie  de  lancements  simule  les  8cc6> 
l^ations  produitea  lors  du  combat  a^rien.  II  consiste  en  une 
r^p^tition  de  plateaux  de  10  s.  d  5  et  9  -f  G^  avec  une  vitesse  de 
mise  en  acceleration  de  4  G.s '.  11  est  efTectue  avec  et  sans 
surpression  respir^oire. 

Les  criteres  d’arret  sont  la  perte  de  la  vision 
peripherique  (secondairement  celle  de  la  vision  centrale)  la 
fatigue  musculaire,  les  difficultes  respiratoires,  les  anomalies 
eiectrocardiographiques  ou  une  frequence  cardiaque  supe- 


2.4  PROTOCOU 

Two  dilTerent  sets  of  runs  were  performed  during 
this  experiment. 

a)  Subjects  have  to  run  a  9  G  10  s.  plateau  with 
different  G-onset  rates  (1  G.s’^  and  4  G.  ’)  to  dieck  the 
efficient  of  APPB  on  G^  tolerance. 

We  have  the  following  profiles: 

9  G^  at  1  G.S''  without  APPB, 

9G^atlG.f'withAPPB, 

9  at  4  G.S '  without  APPB, 

9  at  4  Gx' with  APPB. 

b)  Subjects  also  ran  the  centrifuge  with  SACM 
profiles  to  recheck  the  effect  of  APPB  on  the  G-time  tolerance 
and  to  also  check  the  effidmuy  of  Frmch  equ^ment  during 
these  profiles.  The  SACM  profile  was  a  repetition  of  5  and  9 
G 10  s.  plateau  with  a  G  onset  rate  of  4  G.s  The  G-iolerance 
is  determined  by  the  PLL  and  CLL.  The  subjects  have  to  run 
the  centrifuge  until  ethausted.  The  run  could  be  stopped  for 
other  reasonslike  fatigue,  difllculty  inbreathing,  EKG  anoma¬ 
lies,  heart  rate  more  than  200  beau.min’‘.  Two  rest  days  were 
observed  during  the  two  SACM  proflles. 

All  subjects  have  to  perform  an  anti<»  straining 
manoeuvre  with  and  without  APPB.  The  equipement  was 
worn  in  eveiy  case,  llie  combination  of  the  6  runs  was 
randomised  for  statistical  purposes. 


IS  STATICTICAL  ANALYSIS. 

An  analysis  of  variance  was  used  to  test  for  APPB 
effeas,  G  onset  rate  effects,  subjea  effects  and  interaction. 


3  RESULTS. 

Pl^skal  measurements  have  pormitted  to  see  proper 
functioning  of  the  regulator  anti-G  valve  ensemble.  The 
pressure  in  the  jacket  is  set  with  one  second  delay  after  the 
beginning  of  the  G  plateau. 


3.1  EFFECT  OF  APPB  WITH  1  AND  4  G.S  * 
ONSET  RATES  AT  9  G,. 

3.1.1  Vbual  Held. 

The  central  visual  field  is  mcMt  of  the  time  not 
influenced  by  the  different  experimental  situations  since  mod 


13-5 


rieure  k  200  battements.min Les  deux  iancements  {avec  et 
sans  surpression)  sont  s6par6s  par  une  p^riode  de  deux  jours 
de  repos. 

L’ordre  des  six  [ancements  est  randomise. 


2  ANALYSE  STATISTTQUE. 

Leseffets  de  la  surpression,  de  la  vitesse  de  mise  en 
acceleration,  I’eRet  sujet  et  les  interactions  ont  ete  testes  par 
anafyse  de  variance. 


of  the  time,  the  subjects  did  not  lose  it. 

The  peripheral  vi^al  field  is  decreased  during  the 
different  situations  (fig.n*2).  This  decrease  is  less  important 
when  APPB  is  set.  It  is  of  15  percent  for  the  1  G.s '  onset  and 
lOper  cent  forthe4  G.s  ‘  onset  when  APPB  is  set.  The  subjects 
arelessprotectedagainstGwhenAPPBisnotset.  Inthiscase, 
thevaluesofPLL  arc 28  percent  at  1G.$  ’ onset  and 32percent 
at  4  G-s  '.  These  values  are  onfy  a  tendency  but  are  not 
sustained  by  statistics  since  there  is  no  statistical  difference 
between  the  presence  or  absence  of  APPB.  In  this  stut^,  there 
exists  no  statistical  difference  of  PLL  between  the  G  onset 
rates. 


Figure  2 


3.  RESULTATS. 

Les  mesures  de  pression  dans  la  veste  et  le  panta¬ 
lon  anti-G  mettent  en  ^idence  le  bon  fonctionnement  de 
Tensemble  de  I’^quipement.  La  pression  dans  le  veste  est 
£tablie  avec  une  seconde  de  retard  par  rapport  au  d^but  du 
plateau  d*acc6I£ration. 


3.L  EFFET  DE  LA  SURPRESSION  RESPIRA- 
TOIRE  A  9  G,  LORS  DE  MISES  EN  ACCELERATION  A  t 
ET4G^', 


3.1.1.  Champ  visual. 

La  vision  centrale,  conserv6e  dans  la  plupart  des 
cas,  n'est  pas  influence  par  les  diff^rentes  situations  exp6ri- 
mentales. 


EFFECT  OF  G  OMSET  RATE  AND 
APPB  OM  PERIPHERAL  LIGHT  LOSS 


1  s/s 

NO  APT’S  APPB 


4  G/S 

NO  APPB  APPB 


Y  Y 
Y 


La  vision  p4nph4nque  est  diminu^  syst^mat  ique-  PLL 

meat  au  cours  de  chacun  des  lancements  (fig  n^). 


Sans  surpression  re^nratoire,  la  reduction  moyenne 
du  champ  visuel  est  de  28  %  pour  les  profds  ^  1  G  .s '  et  de  32 
%  pour  les  profils  k  4  G.s  ‘. 

Avec  surpression  respiratoire,  elle  est  de  15  % 
pour  les  profils  k  1  G.s '  et  de  10  %  pour  les  profits  k  4  G.s  * 

La  reduction  moyennie  du  champ  visuel  est  moins 
impoitante  avec  surpression  que  sans  surpression  mais  Tana- 
lyse  statistique  ne  met  pas  en  Cadence  de  difference  significa¬ 
tive. 


0  :  mean  value 

Y  ;  data 


yi2  Heart  rate. 


3.1.2.  Frequence  cardiaque.  Maximum  heart  rate  does  not  seem  influenced 

either  by  onsetor  by  APPB.  Differences  are  minimai,  and 
Sans  la  surpression  respiratoire,  la  frequence  car-  there  is  only  a  tendancy  fot  a  higher  heart  rate  with  APPB  (fig; 

diaque  moyenne  est  de  165  cmin '  4 1  G.r'  et  de  163  c.min '  4  n*3). 

4Gj*  (fif.n*3). 


Avec  la  surpreaiion  respiratoire,  la  frdquence 


cardiaque  est  de  167  cmin '  6 1  G.s '  et  de  166  c.min '  i  4  G.s 


L’anaJyie  de  variance  montie  que  la  frequence 
cardiaque  n’est  paa  influenc6e  par  la  viteue  de  mise  en 
acc6l6ration  ni  par  la  surpresaion  reapiratoire. 


32.  EFFET  DE  LA  SURPRESSION  RESPIRA- 
TOIRE  DURANT  LES  PROFILS  DE  COMBAT  AERIENS. 

3  J.l.  Tempa  de  toUrance  aux  accdldratlona. 

Le  tempa  de  toldrance  moyen  eat  augment^  de  89 
%  par  la  aurpreaaion  reapiratoire.  Avec  la  sutpreaaion  reapi¬ 
ratoire,  le  tempa  de  toldrance  eat  de  167S5  ±  38.40  a.  Sana 
surpression,Ietempadetol6ranceeatde88.42^  23.08a.  Cette 
difference  eat  atatiatiquenient  aignificative  (F  -  3135,  p>0.(l01). 


33  J.  Champ  vlauel. 

A  la  fui  du  profU  d'acc616ration,  la  perte  de  champ 
viauel  p6riph6rique  eat  de  28.57  %  avec  la  aurpreaaion  et  de 
61.42  %  aana  aurpreaaion.  Cette  difference  n'eat  paa  atatiati- 
quement  aignificative. 

Pour  rdaumer  I'enaemble  de  cea  donneea,  la  aur¬ 
preaaion  reapiratoire  augmente  de  fafonatatiatiquement  aigni¬ 
ficative  le  tempa  de  tolerance  aux  acceierationa  appliqueea 
aelon  un  profit  de  combat  aerien.  Cette  technique  tend 
aeulement  3  augmentci  la  tolerance  lora  dea  miaea  en  acceie¬ 
rationa  rapidea. 

EnTui,  notona  que  dea  fuitea  entre  le  bord  du 
maaque  et  le  viaage  aont  apparuea  pour  un  certain  nombre  de 
aujeta,  provoquant  un  inconfort  oculaire.  Dea  douleun  dana 
lea  braa  accompagneea  de  petechiea  ont  auaai  ete  noteea. 


Without  APPB,  heart  rate  ia  165  B.min '.  at  1  Ga 
'  and  163  B.min  ‘  at  4  G.t '. 

With  APPB,  the  heart  ia  aomewhat  higher  167 
Bmin  '  at  1  Ga  '  and  166  B.iiiin''  at  4  G.a '.  There  exiata  no 
atatiatical  difference  between  these  valuea. 

Figure  n°  3 

EFFECT  OF  G  ONSE'  RATE  AMI) 
APPB  QM  HEART  RATE 


hr  (B/mn) 


130 -j 


(IQ  RPTB  flPPB  no  nm  rppb 
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33  EFFECT  OF  APPB  DURING  SACM  PROF1- 

4.  DISCUSSION.  LES. 

L’abaence  d’effet  de  la  aurpreaaion  reapiratoire  aur  33.1  C-toIcnuicc  Unw. 

la  toldrance  3  dea  miaea  en  acc6l6ration  rapidea  et  le  b6n6fice 

apport6  par  cette  technique  aur  le  tempa  detol6ranceauprord  The  G-toleranceia  increased  by  APPB.  Withthia 

d’acc616ration  simulant  le  combat  airien  aminent  certains  G-countetmeaaure,  G-toleaanoe  time  ia  167SS  ±  38.40  a 
commentairea.  Without  APPB,  G-toIerance  time  it  88.42  ±  23.08  a  The 

improvement  ia  of 89  96.  The  difference  ia  atatiaticafy  proven 
Emating(1966)avaitd6montr6quelaaurpresaion  (F  -  3235, p  >  0.001). 
reapiratoire  augmentait  la  preaaion  art6rielle  ayatdmique  du 
fait  de  Taccroiasemem  de  la  preaaion  incrathoracique.  Pour 
cette  raison,  nous  nous  attendiona  3  ce  qu’elle  amdiiore  la 

toldrance  lora  dea  miaea  en  accOKration  3  1  et  4  Gs'.  L’ab-  333  Viaiial  Held, 

aence  (Teffet  obtetvi  peut  avoir  pluaieura  cauaea. 

PLL  at  the  end  of  SACM  profile  ia  further  decrea- 
L'efficaciti  de  la  manoeuvre  anti-G  terait  plua  aedwhentheaulqecaianolprotectedbyAPPB.  withoutAPFB, 
grande  que  celle  de  la  tuipreaaion  reapiratoire  et  maaqumait  PLL  ia  61.42  96  and  wMi  APPB,  PLL  ia  2837  96. 


1.V7 


I’efletde  celled.  Ene(fet,<lenombieuxauteunonl<16montrt 
que  cette  manoeuvre  eat  tib>  eHicace  et  peut  augments  la 
tolerance  aux  acciliiations  de  4  G;  en  caoiapolant,  ced 
corre^nd  i  une  augmentation  de  la  presaion  aitdrielle  de  22 
mmHgx4aoitde88mmHg(11.7kPa).  Ced  eat  k rapprodier 
de  meaurea  de  preaaion  intrathoradque  Iota  d’une  manoeuvre 
anti-G  effectuiea  au  Laboratt^  de  Midedne  Akroapatiale 
qui  uni  montrd  que  cette  preaaion  pouvait  ttre  augmentte  de 
12  kPa  (90  mmHg)  k  8  +  G,.  n  a’agit  done  d’une  valeur  aupd- 
rieure  k  celle  que  ddlivre  le  diapoaitif  de  autpreaaion  reapira- 
toire(9kPaou68mmHg).  De  plua,  la  manoeuvre  anti-G  eat 
rdaliade  par  le  aujet  juate  avant  la  miae  en  aoedidration  et  le  met 
en  condition  pour  oeatreaa.  Ced  eat  un  argument  en  favour  de 
la  pridominance  de  la  manoeuvre  aur  la  auipreiaion  reapira- 
toire  d’autant  plua  que  celle  d  eat  dtablie  tvec  une  aeconde  de 
retard. 

Enfin,  I’efTet  bindfique  eacomptd  de  la  aurprea- 
aion  reapiratoire  peut  avoir  t*.t  maaqu4  du  fait  du  faible 
nombre  de  aujeta. 

En  revanche,  nous  avonapu  montier  I’efficadtk  de 
la  autpreaaion  reapiratoire  lora  de  profllx  de  combat  adrien. 
Une  aurpreaaion  de  9  kPa  (68  mmHg)  amiliore  de  89  %  le 
tempa  de  toldrance  moyen  obaervd  aana  aurpreaaion.  Ce 
rdaultat  eat  trka  comparable  aux  rdauhata  de  Buma  et  Balldin 
(1988)  qui  ont  mix  en  dvidence  une  amdiiotation  du  tempa  de 
toldranoe  de  108  %  aver  une  autpreaaion  de  6.7  kPa  (SO 
mmHg)  et  de  88  %  avec  une  autpreaaion  de  9  J  kPa  (70 
mmHg).  D’aprdaceaauteuri,ilyauraitunlienentretoldrance 
aux  accdldrationaet  fatigue  muaculaire.  Cette  fatigue,  prowo- 
qude  par  lea  manoeuvrea  anti-G,  aerait  diminude  par  la  aur- 
preaaion  reapiratoire  tTou  I’effet  bdndfique  aur  le  tempa  de 
toldrance.  Parce(efTetturlafatigue,lareapirationenpreaaion 
poaitive  favoriierait  indirectement  la  toldrance  k  dea  miaea  en 
accdldralkm  trda  rapidea  et  rdpdtdea.  En  conadquenoe,  elle 
permettraii  au  pilote  d’eflectuer  pendant  un  tempt  ptolongd 
dea  manoeuvrea  anti-G  efTkace  et  le  protdgerait  done  contre 
leriaquedepertedeoonnaiaaance(HmrdingandBomar,1990). 
Ced  expliquerait  que.  Ion  de  lancemenu  de  brive  durde  oO  la 
fatigue  n’a  paa  eu  le  tempa  de  t'inataller,  Teffet  bdndfique  de 
la  aurpreaaion  n’apparaiaae  paa. 


L'intdrdt  de  la  autpreaaion  reapitatoite  dtant  dta- 
bli,  ropcimiaatton  de  la  k>i  doit  prendre  en  compte  dea  facteuix 
dita  aecondairea.  Noua  avona  vu  que  le  maaque  fuyail.  Dana 
I’dtude  de  Buma  et  Balldin  (1988),  la  tuipreation  aembieplut 
efncace  k  6.7  kPa  (SOmmHg)  qu’k  93  kPa  (70  mmHg).  En 
revanche,  une  autre  dtude  (Cldre  et  coll.  1988)  a  mia  en 
dvidence  une  toldrance  aupdiieute  avec  le  niveau  de  turpiea- 
aion  le  plua  dlevd  k  aavoir  9  kPa  (68  kPa);  maia  le  liaque  de  fiiite 
eat  alonpotentiellement  plua  important.  Ced  aminerait  une 
certaine  rdticence  dea  pilotea  k  adopter  ce  ayatdme  dana  lea 
nouveaux  awiont.  Pour  cede  taiaon,  il  pourrait  (tie  aiggdrd 
que  la  valeur  de  aurpreaaion  maximale  aoitinfdiieuiekOlcPa 
(68  mmHg);  le  choix  tTurte  valeur  de  6.7  kPa  aemble  dtre  un 
bon  compromia. 


To  aummarize  thia  data,  AFPB  atatiatically  increaaea 
the  SACM  G-toleiance  time  and  toida  to  improve  the  C- 
toleiartce,  but  atatiatically  there  it  no  difference. 

At  the  end  of  thia  eaqreriment,  a  part  of  the  auhjecta 
noted  that  aomelealra  appeared  between  the  1^  of  the  maak  and 
the  diin  of  the  face,  cauaing  eye  diacomfort.  Some  pairu  were 
obaerved  in  the  arma  with  tome  petediia. 


4PtSCVSSlOW. 

The  lade  of  effect  of  APPB  on  the  VHOR  tdetance 
and  the  benefit  of  APPB  on  G-tolerance  time  muat  be 

Emating  (1966)  haa  demonatrated  that  PPB  raiaea 
ayatemk  arterial  blood  preaaure.  Indeed,  the  laiie  in  intratho- 
radc  preaaure  involvea  a  raiae  in  arterial  preaaure.  For  thia 
reaaon,  we  expected  a  better  G,  tolerance  of  aubjeaa  during 
RORand  VHORprofnea.  Several  leaonawouMegqrlain  the  ladr 
of  effect  of  APPB  on  the  ROR  and  VHOR  tiderance: 

The  eitectimeu  of  Ml  manoeuvre  ia  greater  than 
the  APPB  and  hidea  the  effect  of  APPB.  Several  authoii  have 
demonatrated  that  thia  manoeuvre  ia  very  efficient  and  could 
increaae  the  G  level  tolerance  above  2  or  3  G  and  even  4  C,  which 
ia  an  increaae  of  arterial  preaaure  of  22  mmHg  *  4  •  88  mmHg 
(11.7  ItPa).  Several  meaaurca  done  in  the  Aetoapace  Medical 
Laboratory  (Clkre  et  al.,  1988)  have  ahown  that  the  intrathora- 
dc  preaaure  could  be  incrcaaed  by  90  mmHg  (12  kPa),  greater 
than  APPB  which  ia  at  68  mmHg  (9  kPa).  Thia  level  of  preaaure 
could  hide  the  effea  of  APPB. 

Laat^,  the  low  number  of  aulqectz  could  eqriain 
theaereaulta.  Theprofitof  APPBforVHORimprovemetuiatoo 
low  and  atatiatically  cannot  be  demonatrated. 

The  efneiency  of  APPB  for  G-loleiance  time  obaer¬ 
ved  in  thia  oqieiimenl  muat  be  compared  with  the  wr»k  done  by 
Bunu  and  Balldin  (1968).  They  demottatrared  an  improvement 
of  G  tolerance  tiitK  of  106  %  with  PPB  at  SO  itunHg(6.7  kPa)  and 
88  9k  with  PPB  at  70  mmHg  (93  kPa).  It  it  cxtraorrlinaiy  to 
obaerve  aimilar  reauha  with  our  caqrerimeat  which  ia  89  %  for 
APPBat9kPa.  ThiaaecondobaeivationconffrmatheaAaiita- 
gea  of  APPB  aaaayatem  to  intproveGtoleaance  time  by  reducing 
fat4tteachiacaq>lainedintheivtak^BuinaandBalldin(1988). 
AFPB  ia  indirectly  uaefiil  for  incteaaing  VHOR  toletance.  It 
protecu  pihM  ^ainat  G-Loaa  of  Conaioutnaaa  (Harding  and 
Bomar,  1990).  In  effea,  the  moat  important  ptotectiati  againat 
VHORiainduoedbytheMl  manoeuvre.  Thia  manoeuvre  Kaelf 
iwhicea  fatigue.  If  APPB  reducea  thia  fatigue,  APPB  protccta 
againat  VHOR  atreaa. 

We  muat  now  diacuia  the  achedule  to  be  choaen  for 
APPB.  APPB  at  TO  mmHg  (93  kPa)  ia  perhapa  to  hi|^  for 
protecting  piloU^ainatG  atreaa.  InthectqierimeatofBuina 
and  Balldin(1988),  the  efficiency  of  APPB  at  SO  mmHg(6.7kPa) 
aeemt  better  than  at  70  mmHg  (93  kPa).  InthewotkofC3kte 
a  al  (1968),  they  obaerved  the  beat  Ototerance  with  the  Mgheat 
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S-CCWCLUSION, 

Danslecadredecettec9ipirimeiiutk>R,laiuipreuionre4>i- 
ratoire  i  9  kPa  (68  imnHg)  ne  I’est  pat  cvtrte  eflicace  dani  U 
protection  des  pilocet  Ion  de  mitet  en  acc616ra(ion  rapidea  et 
peu  toulenuet.  En  revanche,  conformdment  aux  donndet  de 
la  bibliographie,  elle  rdduit  la  fatigue  el  acxroit  le  tempt  de 
toldrance  Ion  de  prolils  simulant  le  combat  adrien.  Une 
surprettion  retpiratoire  de  6.7  kPa  (SO  mmHg)  pourrait  dtre 
un  bon  compromis  entre  eflicacitd  et  confort. 


leveiofAPPB.  On  the  other  hand,  there  it  a  potential  risk  of 
leaks  with  the  highca  level  of  APPB.  The  ditoomfoit  induced 
by  these  leaks  could  cause  pilou  to  ol^ect  to  APPB  in  new 
aircraft.  For  this  reason,  it  could  be  suggested  that  a  schedule 
leaver  than  68  mmHg  (9  kPa)  be  preserved. 


s  cowruisiON. 

This  eaperiment  hat  not  proven  the  direct  effect  of 
APPB  68  mmHg  (9  kPa)  for  counleractii^VHOR  stress.  On 
the  other  hand,  APPB  reduces  fatigue  and  increases  G  tole¬ 
rance  time  forSACM  profile.  This  improvement  isaatistically 
true  and  already  observed  during  the  eaperiment  of  Bums  and 
Balldin.  However,  APPB  at  SO  mmHg  (6.7  kPa)  could  be  a 
good  compromise  between  efficiency  aiul  comfort. 
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THE  OPTIMISATION  OF  A  POSITIVE  PRESSURE  BREATHING 
SYSTEM  FOR  ENHANCED  G  PROTECTION 


Sqn.  Ldr.  A.R.J.  Prior 
RAF  Institute  of  Aviation  Medicine 
Farnborough,  Hampshire.  GU14  6SZ.  UK. 


SUMMARY 

An  electronic,  computer  controlled,  system  has 
been  developed  that  allows  full  control  of  mask  pressure 
and  anti-G  trouser  inflation  pressure  in  a  pressure  breath¬ 
ing  anti-G  system  (PBG)  installed  on  the  RAF  lAM 
human  centrifuge.  The  apparatus  has  been  used  to 
investigate  the  effect  of  different  mask  and  trouser 
inflation  pressures  upon  G  protection  in  four  subjects 
exposed  to  +Gz  acceleration  in  the  range  3  to  7  G  whilst 
wearing  full  coverage  anti-G  trousers  and  a  chest  counter- 
pressure  waistcoat.  Eye  level  arterial  blood  pressure  was 
used  as  an  objective  measurement  of  G  protection  whilst 
subjective  assessment  of  peripheral  vision,  anii-G  trou¬ 
ser  inflation  pressure,  mask  pressure  and  arm  discomfort 
was  measured  usinga  ten  centimetre  line  technique.  The 
results  show  that  eye  level  arterial  blood  pressure  is 
better  maintained  as  both  mask  and  trouser  inflation 
pressure  are  increased,  however,  peripheral  vision  was 
degraded  to  only  34%  of  normal  under  any  of  the 
experimental  circumstances.  Subjectively,  the  preferred 
schedule  of  inflation  for  the  anti-G  trousers  was  1.3  psi/ 
G  with  a  cut-in  of  about  2Gz;  for  the  PBG  mask  pressure 
it  was  14  mmHg/G  with  a  3Gz  cut-in  point.  Arm  pain 
under  G  occurred  in  all  subjects  and  its  intensity  may, 
from  theoretical  calculations,  be  linearly  related  to  fore¬ 
arm  venous  pressure. 

INTRODUCTION 

In  order  to  realise  the  hypertensive'  benefits  of 
positive  pressure  breathing  in  its  role  of  +Gz  protection 
(PBG),  it  is  essential  to  ensure  that  cardiac  output  is 
maintained  despite  the  tendency  towards  peripheral  venous 
pooling  which  is  a  consequence  of  raised  intrathoracic 
pressure  and  +Cz  acceleration.  Counterpressure  to  the 
lower  body  is  mandatory  in  order  to  provide  support  of 
the  circulation  and  to  avoid  a  catastrophic  fall  of  heart 
level  aiierial  blood  pressure  leading  to  loss  of  consciousness. 
If  counterpressure  isprovided  by  a  standard,  five  bladder, 
anti-G  garment,  PBG  improves  relaxed  G  tolerance  by 
0.4  -  0.8  O  depending  upon  the  mask  pressure  used 
(Olaister  and  Lisher,  1976;  Prior,  1986).  However, 
counteipiessure  provided  by  a  fun  coverage  anIi-G  garment. 


that  covers  93%  of  the  lower  body  from  the  level  of  the 
umbilicus  to  the  feet,  results  in  PBG  improving  relaxed 
G  tolerance  by  1.8  G  (Prior,  1988).  Under  high  G, 
inflation  of  an  anIi-G  garment  results  in  a  headward 
translocation  of  blood,  the  displaced  volume  is  greater 
with  a  full  coverage  garment  than  following  inflation  of 
a  standard  anti-G  suit  (Prior,  1989;  Krutz  et  al,  1990). 
The  effectiveness  of  PBG  in  enhancing  G  tolerance  is 
thus  dependant  upon  the  efficiency  of  the  lower  body 
counterpressure  garment  in  providing  the  necessary 
circulatory  support  under  conditions  of  high  +G7 
acceleration  and  raised  intrathoracic  pressure. 

Generally,  the  higher  the  inflationpressure  within 
an  anti-G  suit  the  better  the  G  protection  (Wood  and 
Lambert,  1945),  although,  in  practice,  aircrew  discom¬ 
fort  limits  the  maximum  pressure  which  may  be  toler¬ 
ated.  Raising  the  PBG  mask  pressure,  for  any  given  level 
of  +Gz  acceleration,  also  tends  to  increase  G  protection 
(Domaszuk,  1983;  Burns  and  Balldin,  1988;  Clere  et  al, 
1988)  but  is  limited  by  discomfort  and  the  ability  to  seal 
the  pressure  within  an  oro-nasal  mask. 

PBG  enhancement  of  G  tolerance  is,  therefore, 
dependant  upon  the  mask  pressure,  the  anti-G  trouser 
pressure  and  the  lower  body  coverage  of  Ihe  trouseis.  As 
mask  pressure  increases,  at  any  given  -t-Gz  acceleration, 
it  would  seem  reasonable  that  the  anti-G  trouser  pressure 
should  also  i  ncrease  to  counter  the  increased  tendency  to 
venous  pooling.  However,  given  that  full  coverage 
lower  body  counterpressure  is  more  efficient  in  support¬ 
ing  the  circulation  during  pressure  breathing  than  the 
standard  coverage  garments,  then  it  is  possible  that 
inflation  pressures  for  the  former  garment  may  be  re¬ 
duced  to  levels  less  that)  the  in-service  pressurisation 
schedules,  without  any  decrement  in  G  protection. 

The  study  reported  here  investigated  the  relation¬ 
ship  between  PBG  mask  pressure,  anti-O  trouser  infla¬ 
tion  pressure  and  -t-Gz  acceleration  when  wearing  full 
coverage  anti-0  trousers.  O  protection  was  assessed  by 
the  measurement  of  eye- level  arterial  blood  pressure  and 
by  recording  subjective  qtinion  of  protective  worth  and 
comfort. 
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Table  1.  Combinations 
of  ami-G  trouser  infla¬ 
tion  pressure  (AGT.P) 
and  PBG  mask  pressure 
(MASK.P)  used  at  each 
-f  Gz  acceleration. 


METHODS 

Four,  highly  experienced,  centrifuge  subjects  each 
performed  106  runs  in  16sessions,  at +Gz  accelerations 
in  the  range  3.0  •  7.0  G,  over  a  period  of  five  days. 
During  each  run  the  PBG  pressure  schedule  and  anti-G 
trouser  inflation  schedule  were  set  so  that,  at  peak  G,  the 
mask  pressure  and  trouser  pressure  achieved  values 
according  to  Table  1 .  Thus,  at  each  level  of  acceleration 
all  combinations  of  mask  and  anii-G  trouser  pressure, 
within  the  given  ranges,  were  tested.  Those  combina¬ 
tions  that  called  for  an  increased  mask  pressure  but  no 
anti-G  trouser  inflation  were  not  tested. 

All  subjects  were  dressed  in  flying  coverall,  Mk 
14;  full  coverage  anti-G  trousers  (FAGT);  chest  counter¬ 
pressure  waistcoat  (CCP);  life  preserver;  flying  bools; 
aircrew  helmet,  type  10  and  oxygen  mask,  type  P/Q. 

Each  centrifuge  run  was  performed  at  1  G/s  onset 
and  offset  rates  with  IS  seconds  duration  at  peak  G. 
Subjects  were  strapped  into  a  modified  type  n,  Martin 
Baker,  ejection  scat  with  a  IP’seat  back  angle  and 
instructed  to  relax  throughout  the  runs.  If,  according  to 
the  subjects' ownjudgemeni,  the  particular  combination 
of  mask  pressure  and  trouser  pressure  seemed  to  be 
inadequate,  then  they  were  instructed  to  strain  in  order 
to  avoid  blackout,  then  report  their  actions.  The  sub¬ 
ject's  left  arm  was  supported  on  an  arm  rest  at  heart  level; 
the  right  hand  held  a  centrally  positioned  aircraft  control 
stick  such  that  the  hand  was  approximately  3S  cm  verti¬ 
cally  below  heart  level.  The  right  arm  position  was 
representative  of  the  European  Fighter  Aircraft  (EFA) 
cockpit  configuration. 

Control  of  PBG  and  anti-G  trouser  inflation 

PBG  mask  pressure  was  supplied  by  a  modified 
Mk  21  oxygen  regulator.  The  aneroid  unit,  normally 


used  to  provide  positive  pressure  breathing  for  altitude 
protection  was  removed  and  replaced  by  a  solenoid 
which  produces  a  force  linearly  proportional  to  the 
current  flowing  through  its  actuating  coil.  In  order  to 
minimise  hysteresis,  the  solenoid  was  driven  by  a  pulse 
width  modulated  (PWM)  signal,  via  a  power  field  effect 
transistor.  This  signal  was  generated  and  controlled  by 
computer  digital  output  lines. 

Anti-G  trouser  inflation  pressure  was  controlled 
by  the  anti-C  valve  portion  of  a  combined  breathing 
regulator  /  anti-G  valve  (BRAG  valve,  Normalair  Gar¬ 
rett  Ltd.,  Yeovil,  UK.).  The  valve  comprises  an  elec¬ 
tronically  controlled  torque  motor  acting  upon  a  pneu¬ 
matic  valve.  It  was  configured  to  provide  an  outlet 
pressure  proportional  to  an  analogue  voltage  presented 
to  the  input  of  its  electronic  control  unit  (ECU).  This 
controlling  analogue  voltage  was  generated  by  com¬ 
puter,  via  digital  to  analogue  conversion  and  a  suitable 
scaling  amplifier,  so  that  anti-G  trouser  inflation  pres¬ 
sure  was  under  software  control.  Figure  1  shows  the 
general  arrangement  of  the  system.  After  analogue  to 
digital  conversion  (ADC),  the  +Gz  acceleration  signal 
was  suitably  processed  according  to  the  desired  PBG/ 
anti-G  trouser  pressure  schedule  to  provide  an  input 
voltage  for  the  BRAG  valve.  The  BRAG  valve  outlet 
pressure  was  measured  by  a  pressure  transducer,  the 
signal  from  which  was  used  to  generate  the  appropriate 
PWM  signal  for  the  generation  of  pressure  breathing.  In 
this  way,  no  increased  mask  pressure  could  be  produced 
without  coincident  inflation  of  the  anti-G  trousers;  con¬ 
versely  a  failure  of  the  anti-G  trousers  would  result  in  the 
immediate  cessation  of  pressure  breathing. 

Measurements 

Eye  level  arterial  blood  pressure  was  measured 
continuously  using  a  Finapres  (hgital  artery  pressure 
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Figure  1.  Schematic 
diagram  of  the  apparatus 
used  to  control  PBG  and 
anti'G  trouser  inflation 
pressure. 


monitor.  The  Finapres  finger  cuff  was  placed  on  the  first 
finger  of  the  left  hand.  The  left  hand  and  forearm  were 
supported  at  heart  level  by  resting  the  elbow  on  a  padded 
support  and  hooking  the  thumb  over  a  fixed  supporting 
rod.  In  this  way  the  fleshy  part  of  the  forearm  was 
suspended  and  not  prone  to  compression  under  G  as 
would  happen  if  a  straightforward  armrest  had  been 
used.  A  pressure  transducer  was  mounted  at  the  same 
level  as  the  Finapres  cuff  and  connected  to  a  tube  filled 
with  water  to  the  level  of  the  eye.  The  upper  end  of  the 
tube  was  fixed  to  the  subjects  P/Q  oxygen  mask  in  the 
mid-lineso  that  any  head  movements  on  the  subjects  part 
would  still  result  in  the  top  of  the  water  column  being  at 
eye  level.  The  Finapresmonitorand  pressure  transducer 
outputs  were  subtracted  from  one  another  by  an  opera¬ 
tional  subtractor  amplifier  to  give  a  signal  representing 
eye  level  arterial  blood  pressure.  This  method  also 
ensured  that  hydrostatic  pressure  changes,  due  to  the  -Gx 
acceleration  component  occurring  during  centrifuge 
acceleration  onset  and  acting  on  the  forearm  positioned 
in  the  Gx  axis,  were  cancelled  in  the  subtraction  of 
signals.  The  RS232,  digital  output  of  the  Finapres 
monitor  was  also  used.  The  information  contained 
within  the  serial  output  was  stripped  to  leave  mean,  beat- 
to-beat,  arterial  blood  pressure;  after  digital  to  analogue 
conversion  (DAC)  this  signal,  together  with  the  eye 
level  arterial  blood  pressure  waveform,  was  displayed  on 
a  Gould  ESIOOO,  electrostatic  chart  recorder  (figure  2). 
The  digital,  mean  arterial  blood  pressure  data,  together 
with  a  time  index,  was  also  stored  on  hard  disc  for 
subsequent  calculation  of  eye  level  arterial  blood  pres¬ 
sure  loss  under  G. 

Subjective  assessment  of  peripheral  visual  loss, 
mask  pressure,  anti-G  trouser  inflation  pressure  and  right 
arm  discomfort  was  made  by  the  subject  indicating  his 
evaluation  on  10  cm  lines  (Table  2).  This  was  performed 
after  the  completion  of  each  centrifuge  run  made  with  a 
particular  combination  of  mask  pressure,  anti-G  trouser 
pressure  and  ^Gz  acceleration.  Mask  cavity  pressure 
and  anti-G  trouser  pressure  were  recorded  throughout 


the  experimental  period.  Mean  mask  cavity  pressure  and 
mean  anti-G  trouser  pressure  at  peak  G  were  estimated 
from  a  chart  recorder  trace  by  eye  and  checked  to  ensure 
that  the  demanded  pressures  were  achieved. 

Centrifuge  runs 

At  the  start  of  each  centrifuge  session,  the  subject 
completed  one  run  at  3.0  Gz,  regarded  as  a  ‘warm-up’ 
run,  and  one  run  at  4.0  Gz  with  ananti-C  trouser  pressure 
of3Jp$iandmaskpressuteof20mmHgatpeakG.  The 
latter  run  served  the  purpose  of  checking  the  function  of 
the  PBG  control  equipment  and  also  of  checking  the 
subjects’  response  to  a  standard  centrifuge  run  using 
mask  and  trouser  pressure  schedules  that  were  the  same 
oneach  occasion.  Any  discrepant  response,  compared  to 
runs  performed  on  other  occasions,  could  be  detected 
readily.  There  followed  a  series  of  runs,  which  made  up 
a  session,  selected  at  random  from  those  shown  in  Table 
1. 


Figure  2.  Using  both  the  analogue  and  digi¬ 
tal  outputs  of  the  Finapres  monitor,  both  the 
arterial  pressure  waveform  and  mean,  beat-to- 
beat,  arterial  blood  pressure  wera  recorded. 
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ASSESSMENT 

EXTREMES  OF  TOE  10  cm  UNE 

G  PROTECnON 

BLACKECMHfT 
THROUCHOirr  RUN 

CLSAJl  viaoN 
-niRoucHoirr  run 

TROUSER  PRESSURE 

TOO  LOW 

TOO  HICH 

MASK  PRESSURE 

TOO  LOW 

TOO  HIGH 

ARM  DISCOMFORT 

l^<roLeJlABLE 

PERFECTLY 

COMFORTABLE 

Table  2.  Terms  used  for  subjective 
assessments. 


RESULTS 

Eye  level  arterial  blood  pressure 

The  arterial  blood  pressure  at  eye  level  was 
estimated  both  directly,  by  use  of  the  Finapres  monitor, 
and  indirectly  by  recording  the  subjective  assessment  of 
loss  of  peripheral  vision.  The  change  in  eye  level  arterial 
blood  pressure  under  G  follows  a  characteristic  pattern 
of  an  initial  fall  followed,  afterapproximately  S  seconds, 
by  recovery  to  a  plateau  generally  somewhat  less  than 
control  values.  In  two  subjects,  at  accelerations  of  3  Gz 
and  4  Gz,  whilst  the  anti-G  trouser  and  mask  pressures 
were  at  their  highest  settings,  arterial  blood  pressure  at 
eye  level  was  observed  to  be  in  excess  of  resting,  1  Gz, 
values.  In  order  to  evaluate  the  protective  worth  of  a 
given  combination  of  full  coverage  anti-G  trouser  infla¬ 
tion  pressure  and  PEG  mask  pressure,  at  each  +Gz 
acceleration  in  the  range  3  -  7  Gz,  it  was  necessary  to 
reduce  the  blood  pressure  data  to  a  single  value.  Various 
parameters  pertaining  to  the  arterial  blood  pressure  changes 


under  G  were  considered,  for  example,  the  minimum 
blood  pressure  reached  throughout  the  centrifuge  run  or 
the  average  fall  in  blood  pressure  over  the  IS  second  run 
period,  but  were  rejected  as  being  insufficiently  repre¬ 
sentative  of  the  observed  pressure  changes.  The  method 
adopted  is  illustrated  in  figure  3.  Fiistly,  the  arterial 
blood  pressure  waveform  was  reduced  to  mean  pressure. 
It  was  then  assumed  that  if  “perfect”  G  protection  was 
provided  there  would  be  no  change  in  eye  level  arterial 
blood  pressure  under  increased  +Gz  acceleration.  Any¬ 
thing  less  than  perfect  would  result  in  a  loss  of  blood 
pressure  under  C,  the  extent  of  which  is  represented  by 
the  area  contained  within  the  trace  of  the  observed  mean 
eye  level  arterial  blood  pressure,  and  the  line  of  “perfect 
protection”.  Therefore,  the  unit  of  arterial  blood  pressure 
loss,  by  Ibis  definition,  is  that  of  pressure  x  time,  or 
(mmHgs). 

In  figure  4,  the  average  eye  level  arterial  blood 
pressure  loss,  as  defined  above,  for  the  four  subjects  at 
each  G  level,  is  plotted  for  each  anti-G  trouser  inflation 


F1gDie3. 


Objective  measurement  of  C  protection.  See  text  for  explanation. 


Figure  4.  Eye  level  arterial  blood  pressure  loss  and  subjective  assessment  of 
peripheral  vision  at  each  -i-Gz  acceleration  for  each  combination  of  anti-G 
trouser  inflation  pressure  and  PBG  mask  pressure. 
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pressure  and  mask  pressure  combination.  The  corre¬ 
sponding  chans  for  the  subjective  assessment  of  periph¬ 
eral  vision  under  G  are  shown  alongside.  Generally,  the 
higher  the  anti-G  trouser  inflation  pressure  and  PBG 
mask  pressure  the  smaller  the  loss  in  eye  level  arterial 
blood  pressure.  At  7.0  Gz,  however,  with  low  anti-G 
trouser  inflation  pressures  of  6  and  7  psi,  as  the  mask 
pressure  increases  from  20  to  40  mmHg,  there  is  a  fall  in 
blood  pressure  loss  but,  as  the  mask  pressure  rises  to  50 
and  60  mmHg,  this  trend  is  reversed  and  the  blood 
pressure  loss  increases  again. 

At  all  accelerations  the  loss  in  peripheral  vision 
was  small,  no  more  than  34%  under  any  condition.  The 
average  relaxed,  unprotected,  G  tolerance,  for  a  70% 
loss  of  peripheral  vision,  for  the  four  subjects,  was  3.6  G 
(SD0.16).  At  each  acceleration,  there  is  a  general  trend 
toward  a  better  preservation  of  vision  at  the  higher  mask 
and  trouser  pressures. 

Anti-G  trouser  inflation  pressure 

All  subjects  reported  that  they  could  readily  as¬ 
sess  anti-G  trouser  inflation  pressure  for  any  particular 
+Gz  acceleration.  They  found  no  difftculty  in  reporting 
sccurately  the  level  of  pressure  above  or  below  what  they 
considered  to  be  the  ideal  for  the  circumstances.  All  sub¬ 
jects  were  experienced  in  the  use  of  standard  anIi-G 
trousers  and  were  familiar  with  an  inflation  schedule  of 
1 .25n  - 1  psi,  where  n  =  the  prevailing  -i-Gz  acceleration. 


At  each  +Gz  acceleration,  there  is  no  significant  differ¬ 
ence  between  the  subjective  appraisal  of  anti-G  trouser 
inflation  pressure  at  different  PBG  mask  pressures.  The 
meansubjectiverating  foreach  trouser  inflationpressure 
at  each  +G2  acceleration  is  shown  in  figure  5  (a). 
Positive  rating  values  indicate  that  the  subject  found  the 
pressure  too  high,  negative  values  indicate  too  low  a 
pressure  and  zero  rating  represents  the  ideal. 

PBG  mask  pressure 

As  with  the  anti-G  trouser  inflation  pressure, 
subjects  were  able  to  make  accurate  assessments  of  the 
level  of  mask  pressure,  although  it  was  slightly  more 
difficult  and  less  clear  cut  than  in  the  case  of  trouser 
inflation  pressure.  All  subjects  commented  that  the  anti- 
G  troui.er  inflation  pressure  seemed  to  influence  how 
they  rated  the  level  of  mask  pressure.  In  general,  a  higher 
mask  pressure,  for  a  particular  +Gz  acceleration,  felt 
more  comfortable  if  the  trouser  pressure  was  also  tend¬ 
ing  towards  the  higher  values.  Those  conditions  that  had 
a  high  trouser  inflation  pressure  and  a  low  mask  pressure, 
or  vice  versa,  generally  felt  uncomfortable  and  unbal¬ 
anced.  There  are,  however,  no  significant  differences  in 
the  ratings  of  mask  pressure  for  different  anti-G  trouser 
inflation  pressures  at  each  level  of  +Gz  acceleration. 
The  meaned,  subjective  assessments  foreach  PBG  mask 
pressure  at  each  +G2  acceleration  are  given  in  figure 
5(b). 


Figures.  Mean 
subjective  ratings  for 

(a)  the  anti-G  trouser 
inflation  pressure  and 

(b)  the  PBG  mask 
pressure  foreach  level 
of  +Gz  acceleration. 
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Rating 


Mask  Pressure 
(ntmHg) 

Figure  6.  Subjective  ratings  of  arm  pain  for  each  +Gz  acceleration  level, 
rtask  pressure  and  anti-G  trouser  inflation  pressure. 

Amt  pain 

and  anti-G  trouser  inflation  pressure  combination  are 
Arm  pain  occurred  in  all  subjects  to  a  greater  or  shown  in  figure  6.  By  analysis  of  variance  (Statgraphics, 

lesser  extent.  It  was  described  as  a  deep,  somewhat  v4.0.  Statistical  Graphics  Cotp.)  the  results  show  that 

nauseating  ache,  mainly  in  the  forearm  but  sometimes  arm  pain  is  made  significantly  worse  (P<O.QS)  by  in- 

localised  around  the  elbow.  One  subject  compared  the  creasing  +Gz  acceleration;  it  is  unaffected  by  the  anti-G 

pain  to  that  which  occurs  when  the  inner  aspect  of  the  trouser  inflation  pressure  at  a  given  level  of  -t  Oz  accel- 

upper  arm  is  compressed  firmly.  The  subjective  ratings  eration,  and  the  highest  PBO  mask  pressures  at  SG,  6G 

of  arm  pain  for  each  *Gz  acceleration,  mask  pressure  and  7C  are  associated  with  worsening  arm  pain. 
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Preferred  pressure  schedules 

Lines  of  best  fit  were  drawn  through  each  of  the 
curves  of  subjective  ratings  for  mask  and  trouser  infla¬ 
tion  pressure  at  each  +Gz  acceleration,  as  shown  in 
figure  5(a+b).  The  values  of  either  anti-G  trouser  infla¬ 
tion  pressure,  or  PBG  mask  pressure,  which  gives  a  zero 
rating  (subjectively  assessed  ideal  pressure)  for  each 
level  of +Gz  acceleration,  are  shown  in  Hgure  7  together 
with  lines  of  best  fit  and  the  equations  that  describe  them. 

DISCUSSION 

The  anti-G  system  used  in  the  experiment  re¬ 
ported  here,  consisting  of  full  coverage  anti-G  trousers 
and  positive  pressure  breathing  with  chest  counterpres¬ 
sure,  is  a  highly  effective  means  of  enhancing  G  toler¬ 
ance.  The  greatest  loss  in  peripheral  vision,  under  any 
acceleration  in  the  range  3  -  7Gz  and  using  any  combina¬ 
tion  of  mask  and  anti-G  trouser  inflation  pressure,  was 
34%  of  the  peripheral  visual  field  whilst  sitting,  relaxed, 
in  an  "upright”  seat.  Objective  measurement  of  the  loss 
of  eye  level  arterial  blood  pressure,  however,  (figure  4) 
shows  that  the  loss  falls  progressively,  at  all  accelera¬ 
tions  investigated,  as  both  mask  pressure  and  anti-G 
trouser  inflation  pressure  are  increased.  An  exception  is 
seen  at  7Gz;  with  an  anti-G  trouser  inflation  pressure  of 
6  psi,  as  mask  pressure  increases  from  20  mmHg  to  40 
mmHg,  eye  level  arterial  blood  pressure  loss  is  reduced 
but  increases  once  more  as  the  mask  pressure  rises  to  60 
mmHg.  A  raised  intrathoracic  pressure,  consequent 
upon  pressure  breathing,  and  in  conjunction  with  in¬ 
creased  +Gz  acceleration,  causes  a  marked  tendency  to 
inhibit  the  return  of  venous  blood  from  dependant  areas. 
Ernsting  (1966)  estimated  the  immediate  loss  of  effec¬ 
tive  blood  volume,  at  IGz,  whilst  pressure  breathing  at 
20  mmHg,  to  be  approximately  150  ml,  rising  to  250  ml 
at  60  mmHg  mask  pressure.  Counterpressure  to  the 
lower  body  will  tend  to  reduce,  or  reverse,  venous 
pooling  depending  upon  the  pressure  within  the  counter- 
pressure  garment  and  the  efficiency  of  pressure  trans¬ 
mission  to  the  underlying  tissues.  Maintenance  of  car¬ 
diac  filling,  and  therefore  arterial  blood  pressure,  is  thus 
a  balance  between  raised  intrathoracic  pressure  tending 
to  reduce  the  effective  circulating  blood  volume  and  the 
efficacy  of  lower  body  counterpressure  in  increasing 
effective  blood  volume.  The  result  of  these  effects 
provides  an  explanation  for  the  observed  changes  in  eye 
level  arterial  blood  pressure  loss  seen  at  7Gz  when  anti- 
G  trouser  inflation  pressure  is  only  6  psi.  As  the  trouser 
pressure  increases  through  7  psi  to  8  psi,  the  degree  of 
lower  body  counteipressure  once  again  becomes  ade¬ 
quate  and  supports  the  circulation  in  the  face  of  high 
intrathoracic  pressure  and  high  +Gz  acceleration. 

The  results  shown  in  figure  4  indicate  that  eye 
level  arterial  blood  pressure  is  better  maintained  with 
high  mask  and  trouser  pressures,  but  the  high  pressures 
do  not  necessarily  result  in  better  peripheral  vision. 
Lambert  and  Wood  (1946)  found  that,  providing  retinal 
arterial  perfusion  pressure  is  adequate,  with  a  systolic 
pressure  of  about  50  mmHg,  then  vision  is  not  impaired 


Figure  7.  Preferred  pressure  schedules  for  (a)  anti- 
G  trouser  inflation  and  (b)  PBG  mask  pressure 
derived  from  the  results  of  subjective  assessment. 

so  that,  providing  systolic  pressure  does  not  fall  below 
this  value,  arterial  blood  pressure  may  change  without 
any  degradation  of  vision.  The  pilot  in  air  combat  is 
concerned  only  with  having  unimpaired  vision,  not  on 
the  level  of  his  arterial  blood  pressure,  therefore,  effects 
other  than  raising  blood  pressure  must  be  taken  into 
consideration  if  optimal  conditions  are  to  be  found. 

The  subjective  assessment  of  mask  and  anti-G 
trouser  inflation  pressure  take  into  account  the  overall 
degree  of  protection  afforded  by  the  combination  of 
pressures,  the  level  of  comfort  and  the  general  ‘feel’  of 
the  system.  Figure  5(a)  shows  that  the  rating  of  anti-G 
trouser  inflation  pressure  changes  quite  abruptly  from  a 
pressure  that  feels  inadequate  to  one  that  is  perceived  as 
too  high.  On  the  whole,  the  majority  of  the  pressures  that 
were  used  were  regarded  as  excessive.  The  ran^  of 
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different  pressures  that  were  used  originated  from  con¬ 
sideration  of  the  pressure  schedule  used  in  RAF  Hawk 
aircraft.  Pressures  were  chosen  above  and  below  this 
schedule.  It  appears  that  the  use  of  full  coverage  trou¬ 
sers,  with  PBG,  requires  that  the  schedule  of  pressurisa- 
tion  be  less  than  that  used  with  standard,  in-service  anti- 
G  trousers.  The  preferred  anti-G  trouser  inflation  pres¬ 
sure  for  each  acceleration,  derived  from  applying  lines 
of  best  fit  to  the  curves  of  figure  5(a),  are  shown  in  figure 
7(a);  the  Hawk  anti-G  valve  outlet  pressure  schedule  is 
also  shown  for  comparison. 

The  results  of  subjective  assessment  of  PBG 
mask  pressure  (figure  S(b)),show  that  maskpressuie  can 
change  substantially  with  little  change  being  perceived 
by  the  subject.  This  is  particularly  pronounced  at  7G, 
where  mask  pressure  rises  from  20  mmHg  to  60  mmHg 
with  only  little  change  in  the  rating.  The  rating  remains 
negative,  indicating  that  the  mask  pressure  is  regarded  as 
too  low,  for  all  mask  pressures.  This  apparent  indiffer¬ 
ence  to  mask  pressure  level  is  in  keeping  with  the  results 
of  several  other  studies  of  PBG,  performed  both  on  the 
centrifuge  and  in  the  air,  where  widely  different  mask 
pressures,  for  a  particular  -fGz  acceleration,  have  been 
employed  and  all  have  been  found  to  be  acceptable  from 
a  subjective  point  of  view  (  Glaister  and  Lisher,  1976; 
Bagshaw,  1984;  Harding  and  Cresswell,  1987;  George 
and  Jollett,  1987;  Prior  and  Cresswell,  1989).  Figure 
7(b)  indicates  that,  under  these  experimental  conditions, 
PBG  is  probably  unnecessary,  from  a  protective  point  of 
view,  until  at  least  4Gz  is  reached  because  the  full 
coverage  anti-G  trousers  provide  a  relaxed  G  tolerance 


Subjective  rating 
of  arm  pain 


Calculated  forearm  venous 
pressure  (mmHg) 


Figure  8.  A  subjective  assessment  of  the  sever¬ 
ity  of  arm  pain  correlates  with  the  calculated 
pressure  within  the  forearm  veins. 


of  about  6.0  G,  using  a  Hawk  anti-G  valve  to  inflate  the 
trousers  (Prior,  1988).  However,  at  4J  to  5.0  G  the 
results  suggest  that  some  25  to  30  mmHg  mask  pressure 
is  required.  An  abrupt  delivery  of  this  pressure,  as  an 
acceleration  threshold  is  exceeded,  should  be  avoided 
for  it  is  has  been  shown  to  be  particularly  distracting  to 
aircrew  and  has  the  effect  of  interrupting  speech  in  mid 
flow  (Bagshaw,  1984).  Therefore,  a  ramp  onset  of  mask 
pressure  is  necessary  and  could  reasonably  be  an  ex¬ 
trapolation  of  the  PBG  pressure  schedule  to  the  baseline. 
In  ftgure  7(b),  a  line  of  best  fit,  linear  regression,  is 
shown  which  indicates  that  PBG  cut-in  should  occur  at 
approximately  3G  and  ’  ave  a  subsequent  slope  of  14 
mmHg/G.  Subjects  were  not  cxpi,  ed  to  accelerations  of 
8  and  9  Gz  so  no  data  are  available  to  indicate  preferred 
mask  pressures  at  these  G  levels  but  if  extrapolated,  the 
regression  line  of  figure  7(b)  would  suggest  that  86.8 
mmHg  pressure  should  be  present  in  the  mask  at  9  Gz. 
This  level  of  mask  pressure  is  likely  to  be  impractical  on 
account  of  the  difficulties  in  achieving  an  adequate  mask 
seal  on  the  face,  especially  with  a  system  of  automatic 
mask  tensioning.  On  these  grounds,  an  upper  limit  of  70 
mmHg  mask  pressure  is  realistic  but  it  may  be  necessary 
tosubstantially  lower  mask  press  ureinorderto  minimise 
the  severity  of  arm  pain. 

Atm  pain  is  a  feature  of  pulling  high  G  both  in  the 
air  and  in  the  centrifuge.  With  the  arms  positioned  below 
the  heart,  at  the  level  of  the  'stick’  and  throttle  controls, 
the  pain  is  most  pronounced  at  accelerations  of  6  Gz  and 
above.  Raising  the  arms  to  the  level  of  the  heart  mark¬ 
edly  reduces  the  pain.  In  the  Hawk  aircraft,  it  is  not 
uncommon  for  the  rear  seat  occupant,  frequently  the 
flying  instructor,  to  alleviate  his  discomfort  by  testing 
his  hands  on  the  instrument  panel  coaming,  whilst  the 
student  is  performing  high  G  turns,  to  a  7G  maximum  in 
the  Hawk  (peisonal  communication,  RAF  Btawdy,  1990). 
The  addition  of  PBG  to  the  anti-G  system  spears  to  both 
worsen  the  arm  pain  and  to  promote  its  occurrence  at 
tower  -fGz  accelerations.  Although  not  reflected  in  the 
subjective  assessment  statistical  analysis,  it  did  seem 
that  once  arm  pain  bad  occurred  during  a  centrifuge  run, 
subsequent  exposure  to  conditions  that  were  hitherto 
pain  free,  then  caused  pain.  That  the  pain  is  of  vascular 
origin  is  implied  by  the  observation  that  the  inOation  of 
a  aiteriai  occlusion  cuH around  the  upper  arm  reduces  or 
abolishes  the  pain  (Wood,  1944).  If  the  forearm  is 
approximately  25  cm  below  heart  level  then  the  hydro¬ 
static  pressure  within  the  forearm  vasculature  is  18 
mmHg/G.  The  addition  ofptcssure  breathing,  with  chest 
counterpressure,  will  tend  to  raise  forearm  venous  pres¬ 
sure  by  an  amount  almost  equal  to  the  mask  pressure 
(Emsting,  1966)  so  that  the  forearm  venous  pressure,  at 
any  given  -fGz  acceleration,  is  equal  to  the  sum  of  the 
hydrostatic  pressure  and  the  PBG  mask  pressure.  Based 
upon  this  theoretical  calculation,  figure  8  shows  that  the 
subjective  rating  of  arm  pain  can  be  related  to  forearm 
venous  pressure  by  a  simple  linear  model.  The  measure¬ 
ment  of  forearm  venous  pressure  during  increased  -f  Gz 
acceleration  whilst  pressure  breathing  is  requited  in 
order  to  check  the  validity  of  this  model. 
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The  perfornuince  of  modern  combat  aircraft,  and 
the  physiological  limitations  of  the  pilot  in  tolerating 
high,  sustained  G  of  very  rapid  onset,  has  led  to  the 
investigation  of  improved  anti-G  systems.  Given  the 
potentially  catastrophic  nature  of  G-LOC  in  flight,  it  is 
natural  to  strive  for  the  development  of  a  system  that 
provides  the  best  possible  G  protection.  However,  this  is 
not  necessarily  required  by  aircrew  if  operation  of  the 
system  results  in  compromising  their  operational  effec¬ 
tiveness,  whether  due  to  discomfort,  impairment  of 
mobility  in  the  cockpit  or  on  the  ground,  or  prolonged 
time  to  dress  in  the  protective  clothing.  Wood  (1987) 
reports  his  experiences  of  anti-G  suit  development  dur¬ 
ing  the  Second  World  War  when  highly  efficient  anti-G 
systems  were  rejected  by  aircrew,  principally  on  the 
grounds  of  discomfort,  distraction  and  inconvenience. 
At  that  time  he  concluded  that  discomfort  caused  by  an 
anti-G  system  must  be  minimised  to  the  lowest  possible 
degree  compatible  with  the  protection  required  for  the 
accelerations  produced  by  air  combat  manoeuvring. 

A  compromise  between  the  G  protection  afforded  by  an 
anti-Gsystem  and  the  needs  of  the  pilot  in  the  role  of  air 
combat  may  be  necessary  now,  as  it  was  50  years  ago. 


CONCLUSIONS 

1 .  Within  the  +Cjz  acceleration  range  of  3  -  7  G,  at  1 
G/s  onset  rate  using  a  human  centrifuge,  and  wearing  full 
coverage  anti-G  trousers  and  a  chest  counterpressure 
waistcoat,  the  G  protection  afforded  by  a  PEG  system 
increases  as  both  mask  pressure  and  anti-G  trouser 
inflation  pressure  increase.  However,  at  7  Gz,  with  only 
6  psi  trouser  inflation  pressure,  raising  the  mask  pressure 
from  40  mmHg  to  60  mmHg  results  in  a  reduction  in  the 
level  of  G  protection. 

2.  Subjective  assessment  of  anti-G  trouser  inflation 
pressure  and  PEG  mask  pressure  shows  a  preferred 
schedule  of  1.3  psi/G  with  a  cut-in  at  about  2  G  for  the 
former  and  14  mmHg/G  starting  at  3  G  for  the  latter. 

3.  With  the  right  hand  on  a  control  ‘stick’  in  a  position 
representative  of  that  in  the  European  Fighter  Aircraft, 
arm  pain  was  experienced  by  all  subjects.  The  severity 
of  the  pain  increased  with  increasing  G  levels  and  mask 
pressure.  Theoretical  calculations  show  that  the  pain 
might  be  linearly  related  to  forearm  venous  pressure. 

4.  A  compromise  between  the  G  protection  afforded 
by  an  anti-G  system  and  the  degree  of  discomfort  that  it 
causes  will  be  necessary  for  aircrew  acceptance  of  the 
system. 
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SliMMAaX 

The  Armstrong  Laboratory  has  recently  developed  an 
advanced  lower  body  full  coverage  and-G  suit  designated 
the  Advanced  Technology  And-G  Suit  (ATAGS).  Previ¬ 
ous  centrifuge  studies  using  standard  pressurization 
schedules,  flight  tests,  and  theocedcal  considerations  suggest 
that  the  ATAGS  might  provide  equivalent  G  protecdon 
using  reduced  pressures.  This  study  was  conducted  to 
determine  the  G  protecdon  affotiled  by  ATAGS  using  a 
lower  pressure  schedule. 

Six  test  subjects  were  exposed  to  three  separate  G  profiles 
on  the  Armstrong  Laboratory  Centrifuge,  Brooks  AFB,  TX 
during  each  of  three  test  sessions.  The  profiles  were:  a 
gradual  onset  with  the  subject  relaxed,  a  rapid  onset  to  9  G 
for  10  seconds  with  the  subject  performing  an  and-G 
straining  maneuver  (AGSM)  and  a  rapid  onset  S  to  9  G 
Simulated  Aerial  Combat  Maneuver  (SACM)  with  10  sec 
at  each  level,  repeated  to  exhauadon.  A  different  and-G 
suit  pressurizadon  schedule  was  used  at  each  test  session. 
Pressurizadon  schedules  began  at  2  G  but  increased  at 
different  rates  which  tesulted  in  maximum  pressures  of  10, 
8,  and  6  psig  that  occurred  at  9  G  (Fig  1). 


Flgural.  ATAGS  inflation  achadulMUMd  in  ttila  study.  Sctwdulal. 
Is  simlar  ID  tha  standard  MWlon  achadids  used  in  currant 
USAF  aircraft. 

Data  were  analyzed  by  making  stadsdcal  comparisons  of 
performance  between  different  pressure  profiles,  both  for 
tolerance  and  endurance.  Results  suggest  that  the  ATAGS 
pressurization  schedule  can  be  reduced  from  the  present 
standard  of  10  psig  to  8  psig  at  9  G  without  reducing  G 
protecdon,  but  that  a  pressure  schedule  resulting  in  6  psig 
at  9  G  is  insufficient. 

INTRODUCTION 

The  and-G  suits  used  operationally  in  most  countries  today 
do  not  differ  ngnificaniiy  ftom  fhote  used  during  the  latter 


daysof  WWn.  The  majority  of  these  and-G  suits  have  five 
pneumadc  bladders  which  cover  a  portion  of  each  calf, 
each  thigh  and  one  bladder  which  covers  a  portion  of  the 
abdomen.  These  bladrlers  are  inflated  by  an  and-G  valve; 
a  pressurizadon  schedule  starts  at  between  1 .5  and  2  G  and 
increases  at  a  rate  of  between  1.23andLSpsig/G.  The  idea 
that  G  tolerance  might  be  improved  by  a  more  uniform 
pressuiizadoo  of  the  lower  b^y,  is  certainly  not  a  new 
concept  In  a  paper  published  in  19S3,  Sieker  et  al. 
described  the  G  protection  provided  by  two  different 
approaches  to  an  extended  coverage  and-G  suit  and  com¬ 
pared  it  with  the  G  protection  provided  by  the  standard  G 
suit  of  that  time.  It  was  reported  that  these  suits  increased 
G  tolerance  by  0.7  to  0.9  G  above  the  standard  suit  (7).  A 
number  of  different  concepts  and  designs  have  been  tried 
but  for  one  reason  or  another  have  been  abandoned  before 
the  suit  was  transitioned  to  the  operational  community. 
One  such  approach  was  the  capstan  and-G  suit  which  used 
a  standard  abdominal  bladder  but  each  leg  was  covered  by 
a  layer  of  fabric  connected  to  an  “expandable  tube”  or 
capstan  extending  down  each  side  by  a  series  of 
interdigidzed  tapes.  Since  the  ratio  of  the  leg  diameter  to 
the  capstan  diameter  was  5  to  1 ,  diese  tubes  required  up  to 
50  psig  to  apply  the  same  interface  pressure  around  the  leg 
as  the  standard  suit  (3,8).  Although  this  design  indicated  a 
defmite  improvement  in  G  tolerance  (6)  the  difficulty  of 
fitting  and  the  complexity  of  design  as  well  as  the  necessity 
of  having  an  and-G  valve  which  could  provide  two  differ¬ 
ent  {nessure  schedules  (one  for  the  capstan  and  one  for  the 
abdominal  bladder)  made  this  suit  rather  impractical.  In¬ 
terestingly,  R.  W.  Thonqisoo  showed  that  the  actual  inter¬ 
face  pressure  applied  to  the  sldn  by  the  capstan  and-G  suit 
was  actually  less  than  die  pressure  applied  by  the  Madders 
of  the  standard  and-G  suit  (Unpublished).  This  fact  rein¬ 
forced  the  idea  that  lower  ptessures  in  a  full  coverage  anti- 
G  suit  might  provide  equivalem  G  protection.  Another 
approach  at  our  labontMy  was  the  Lower  Body  Full 
Coverage  and-G  suiL  This  was  essentially  a  large  single 
bladder  which  covered  the  entire  lower  potion  of  the  body . 
Despite  G  tolerance  enhancement  this  design  was  ex¬ 
tremely  uncomfortable  and  because  of  the  large  volume 
was  slow  to  respond  to  G  clianges(2,8). 

Recendy  the  need  for  increased  G  protection  has  caused 
renewed  interest  in  seveial  laboatories  in  perfecting  a 
unifotm  pressure  or  extended  coverage  anti-G  suit  At  the 
Royal  Air  Force  Institute  of  Aviation  Medicine  (RAF/ 
lA^  in  Great  Britain,  work  is  continningon  their  extended 
coverage  suit,  the  Full  Coverage  Anti-G  trousers  (FAGT) 
(5).  The  Royal  Swedish  Air  Force  has  been  conducting 
tests  with  their  Extended  Cover  Anti-G  Tkousers  (ECXjT) 
at  the  Armstrong  Laboratory  Centtifiige,  Brooks  AFB,TX. 
Early  data  Bom  these  cennifuge  tests  and  flight  tests  of  the 
ECGT  in  Sweden  have  indkaled  that  equal  0  protection 
might  be  afforded  by  an  extended  coverage  anti-G  suit  at 
lower  than  die  cuncm  standard  ptessure  schedule. 
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The  AT  AGS  system  provides  bladder  coverage  of  nearly 
allofthelower  body  including  the  feet  The  area  behind  the 
buttocks  is  not  covered  by  bladders  and  a  separate  inter¬ 
connected  abdominal  bladder  is  used  (Fig  2.3).  The 
AT  AGS  has  provided  dramatic  improvements  in  G  pro¬ 
tection,  both  in  centrifuge  testing  (3)  and  in  flight  evaluation 
(9).  All  of  the  previous  ATAGS  testing  has  been  done, 
however,  using  the  standard  anti-G  valve  inflation  sched¬ 
ule  (approximately  1.3  psig  per  G  starting  at  2  G  to  a 
maximum  pressure  of  about  10.5  psig).  Because  a  lower 
pressurization  schedule  might  provide  increased  pilot 
comfon  or  reduce  fatigue,  we  conducted  the  following 
study  to  test  the  effectivenessof  the  ATAGS  with  decreased 
inflation  schedules. 


Figure  2.  TTie  ATAGS  with  the  Mt  boot  removed  to  dnotey  the  fun 
bladder  coverage  of  the  foot 


METHOD 

All  tests  were  performed  on  the  Armstrong  Laboratory 
Centrifuge  at  Brooks  AFB.  Tests  were  co  nducted  with  an 
ACES  n  ejection  seat  mounted  in  the  F16  position  with  a 
30  deg  back  angle.  A  NATO  standard  light  bar  was  used 
to  asses  test  subject  visual  light  loss.  Blood  pressure  was 
measured  during  runs  with  an  Ohmeda  Fittapres'.  This 
measurement  was  compensated  for  eye-level  pressure  us¬ 
ing  a  method  develop^  by  McKenzie  at  the  RAF/IAM 
(personal  communication).  This  method  consists  of  at¬ 
taching  one  end  of  a  water  filled  tube  at  the  subject's  eye- 
level.  The  other  end  of  the  tube  is  connected  to  a  pressure 
nansducer  mounted  as  near  as  possible  to  the  Finapres  cuff. 
The  pressure  measured  from  this  water  column  is  then 
subnacted  from  the  Finapres  reading  to  correct  the  mea¬ 
surement  to  eye-level  A  Finapies  Model  2350  was  used 
during  early  tests  but  was  substituted  with  a  Model  2300 
duringlaterruns.  A  digilal  electronic  and-O  valve  built  by 
Cai)etonTechitologietIoc*wu  used forall  tests.  Pressure 
vs  G  schedules  were  varied  in  this  valve  by  substituting 
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appropriate  PROM  chips  supplied  by  Carleton.  The  anti- 
G  valve  is  equipped  with  a  “ready  pressure”  feature  which 
applies  a  pressure  of  0.2  psig  to  the  suit  at  1  G  filling  the 
“dead  volume”  of  the  suit.  As  soon  as  the  valve  is  actuated 
by  G,  pressurization  of  the  anti-G  suit  is  immediate.  All 
runs  were  accomplished  with  the  ready  pressure  activated 
to  minimize  the  effects  of  variations  in  fitting  the  suit  for 
different  subjects.  All  subjects  wore  the  ATAGS.  with 
long  underwear  and  standard  flight  boots  during  the  test 
runs.  No  flight  helmet  or  breathing  mask  was  worn  during 
these  tests.  Six  male  test  subjects  were  recruited  from  the 
Aimsmmg  Laboratcvy  Acceleration  Panel  to  participate  in 
this  study.  The  voluntary,  fully  informed  consent  of  the 
subjects  used  in  this  research  was  obtained  as  required  by 
AFR 169-3.  Subjects  had  varying  degreesof  experience  as 
centrifuge  riders  and  some  had  worn  the  ATAGS  on 
previous  studies.  Each  subject  was  exposed  to  three  test 
sessions.  Each  test  session  consisted  of  three  separate  G 
profiles;  the  subject  was  allowed  a  rest  period  ( 1  to  5  min) 
between  each  profile. 


The  ATAGS  bladdwa  wth  covring  fnwd. 


Any  profile  was  terminated  by  the  subject  upon  revhing 
either  100%  periphenl  or  50%  central  light  loss  using  a 
NATO  standard  light  bar.  The  first  profile  was  a  gradual 
onset  (0.10/ sec)  to  light  loss  with  the  subject  relaxed.  The 
second  profile  was  a  rapid  onset  (6  G/ sec)  to  90  with  10 
sec  at  the  9  G  level  with  the  subject  performing  an  AGSM. 
The  third  profile  was  a  high  onset  5  C  to  9  G  Simulated  Air 
Coenbat  Maneuver  (SACM)  with  10  sec  at  each  level;  the 
subject  performed  an  AGSM  until  reaching  light  loss  limits 
orexhaastion,whichevercaniefinL  Each  test  subject  was 
randomly  assigned  a  differeot  anti-O  suit  pressure  sched¬ 
ule  for  each  lest  aessioa  arul  did  not  know  which  schedule 
he  was  riding  at  that  partimlaT  aessaon.  Three  schedules 
were  used.  Each  schedule  beganlo  preasuriae  the  anti-G 
suit  at  2  O  and  increased  at  rates  of;  (1.45).  (1.14).  and 
(0.83)  psi|/G.  which  resulted  in  pressures  of.  10. 8,  and  6 
prig  respectively  at  9  G  (Hg.  1). 

At  the  conclusion  of  each  setskn  subjects  were  asked  for 
commentt  regarding  the  ATAOS  performance,  (Le.  com¬ 
fort  nd  support  of  die  suit  as  compaied  to  previous 
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sessions).  Dati  taken  and  recorded  during  the  study  were: 
G  level,  ATAGS  presstfc,  l:^ood  pressure,  water  column 
pressure,  blood  pressure  corrected  to  eye-level  (blood 
pressure -watercolumn  pressure).  EKG,  and  heart  rate.  To 
conapare  the  efiects  of  the  three  pressure  schedules  on  G 
endurance  total  run  tune  was  recorded  for  each  SACM 
profile.  To  compare  pressure  schedule  effects  on  G  toler¬ 
ance.  G  level  at  light  loss  and  eye-level  mean  arterial  blood 
pressure  (diastolic  +  1/3  (systolic  -  diastolic))  were  deter¬ 
mined  for  each  gradual  onset  profile.  Since  all  subjects 
completed  the  second  prc^e  (nt|Md  onset  to  9  O  for  10  sec.) 
and  since  the  Hnapres  was  unreliable  on  this  run,  no  data 
were  analyzed  fnm  Profile  2.  In  each  case,  subject’s 
performance  at  the  presently  operational  pressure  schedule 
(1.4S  psig/G)  was  statistically  OMnpared  against  their 
perforniance  at  each  of  the  reduced  pressure  schedules 
with  either  a  student’s  one-tailed  paired  t-test  or  a  one- 
tailedWilcoxanSignedRankTest  The  choice  of  tests  was 
based  on  the  outcome  ofa  previous  test  for  normalcy.  The 
significance  criterion  was  alpha  »  O.OS.  One-sided  tests 
were  chosen  because  the  primary  goal  was  to  determine 
whether  a  reduced  pressure  schedule  was  detrimental  to  G 
tolerance  or  G  endurance. 


RESULTS 

Total  SACM  run  time  is  shown  in  Table  1  for  each  subject 
and  for  each  pressure  schedule.  The  last  2  columns  show 
the  changes  under  the  1.14  and  0.83  psig/G  schedules 
ccunpared  to  the  standard  1.45  psig/G  schedule.  Anegadve 
numberindicatesadecreaseinendurancetime.  Undal.M 
psig/G,  2  subjects  showed  substantial  decreases  in  endur¬ 
ance  time,  2  showed  increases,  and  2  had  essentially  no 
change  (i.e.,  less  than  10  sec).  At  0.83  psi^.  2  subjects 
decreased,  1  increased,  and  3  hwJ  less  than  10  second 
changes.  In  no  case  was  the  average  change  statistically 
significant 
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Tabic  2  displays  the  gradual  onset  C  tolerance  for  each 
subject  under  each  pressure  schedule.  The  last  2  coluinns 
show  the  changes  in  C  tolerance  at  the  lower  pressure 
schedules  compared  to  the  standard  schedule.  Three  sub¬ 
jects  showed  substantia)  decreases  in  G  tolerance  under  the 
1.14  psig/G  schedule,  but  2  had  increases  eaceeding  .SG, 
and  I  showed  no  change.  The  average  change  was  not 
statistically  signiflcant  At  the  0.83  psigAG  schedule,  4 
subjecu  had  decreases  ranging  from  .8  to  1.6  G,  and  2 
subjects  had  slight  increases  (.2  G).  The  average  change 
was  significant  (p  -  .032,  one  tailed),  indicating  that  G 
tolerance  was  negatively  affected  by  reducing  the  pressure 
schedule  to  0.83  psigAi. 
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Ey«-level  mean  artcnal  blood  pressure  fiom  the  gradual 
onsei  profiles  was  plotted  against  G  level  for  each  pressure 
schedule  in  Figure  4.  These  lines  represent  the  averages  of 
the  6  subjects.  The  figure  suggests  diat.  under  the  0.83 
psig/G  schedule,  blood  pressure  drops  more  rapidly,  and  to 
a  largerextent,  than  under  the  1.14  and  1.45  psig/G  sched¬ 
ules.  However,  upon  inq>ection  of  individual  data,  incon¬ 
sistent  patterns  were  found.  The  apparent  trend  dKiwn  in 
the  figure  was  caused  chiefly  by  one  subject  who  had  a 
large  drop  in  pr^i;^iire  at  ^  S3  psig/G  compared  to  his  ocher 
runs.  Table3showseach$ubject’sbloodpressureaiS.50 
into  the  run,  for  each  pressure  schedule.  The  5.5  G  point 
was  chosen  because  this  was  the  highest  point  where  data 
existed  foreach  subject.  In  agreement  with  the  figure,  there 
is  no  difference  between  the  1.45  and  1.14  psig  schedules, 
with  2  subjects  showing  decreases,  3  showing  increases, 
and  1  showing  very  linie change.  Theresultsfor0.83psig/ 
G.  however,  do  not  agree  with  the  pattern  suggested  by  the 
figure.  Three  subjects  show  some  decrease  in  Mood 
pressure,  one  shows  essentially  no  change,  and  2  actually 
show  increases.  Note  the  very  large  decrease  by  subject  4, 
thus,  magnifying  the  avenge  change  (and  the  trend  in  the 
figure).  Neither  of  the  average  diangcs  in  TaUe  3  was 
statistically  significant 
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DiSQiSSIQN 

The  performance  of  subject  5.  as  shown  on  Table  1 » is  an 
intCTesting  case.  Nodct  that  the  longest  S  ACM  time  (23S 
sec)wasattainedbychissul>iectattheiowescpressufe.  His 
performance  with  the  sch^ule  2  pressure  was  almost 
identical  (231  sec),  but  at  the  highest  (nessure  he  sustained 
the  SACM  for  cmly  145  sec.  While  this  performance  was 
in  line  with  the  endurance  times  attained  by  most  of  die 
other  subjects  at  this  pressure,  it  was  substantially  lower 
than  his  other  exposures.  When  questioned  about  his 
performance  on  this  exposure  the  subject  said  that  the 
abdominal  ltdadder  seemed  too  tight  at  the  9  G  level  and  was 
somewhat  painful.  He  further  stated  that  this  discomfort 
adversely  effected  his  timing  and  AGSM  and  contributed 
greatly  to  his  early  fatigue  on  this  ride.  Interestingly,  if  the 
data  from  this  subject  is  dropped  from  the  calculations  the 
diflerence  in  average  SACM  time  from  Schedule  3  to 
Schedule  1  is  statistically  significant  (p  » .031). 

Interestingly  a  recent  study  (not  yet  published)  done  by  the 
Royal  Swedish  Fwce  at  Armstrong  Labcmory  (using 
reduced  pressure  schedules  in  their  extended  coverage 
anti-G  suit  demonstrated  similar  results.  Statistical  analy¬ 
sis  of  the  data  from  a  number  of  different  aspects  did 
provide  significant  results  in  some  cases  which  showed 
that  the  lowest  infiaticxi  schedule  studied  (0.S3  psg/G)  did 
have  a  negative  effect  on  G  procection  with  the  ATAGS. 
The  prediction  that  this  inflation  schedule  would  provide  a 
lower  pressure  boundary  and  that  the  t^timum  schedule 
for  (he  ATAGS  would  be  found  between  this  schedule  and 
the  standard  1.45  psi^  was  demonstrated  to  be  true. 
Results  of  the  analysis  of  mean  arterial  blood  pressure  as 
taken  fiom  Finapres  data  must  be  viewed  with  some 
caution.  McKenzie  has  shown  that  while  relative  blood 
pressures  taken  with  the  Finapres  may  be  valid,  the  vari¬ 
ance  of  Finapres  data  with  direct  ancrial  pressure  measure¬ 
ments  is  significant  (4).  It  is  interesting  to  note,  however, 
that  the  blood  pressure  data  shown  in  Figure  2  closely 
follow  predictaUe  trends  indicated  by  the  flattening  (he 
curve  in  the  2  to  4  C  area  indicating  tire  effects  of  the  anti- 
G  suit  and  baroreceptor  responses.  This  finding,  at  least  to 
some  extent,  validates  mean  arterial  blood  pressure  re¬ 
corded  at  eye  level  for  (he  gradual  (mset  runs.  Review  of 
the  comments  made  by  the  test  subjects  at  the  conclusion 
of  each  session  indicates  a  definite  preference  for  the  lower 
pressures  which  they  felt  were  more  comfortable.  The 
strongest  preference  was  for  tire  1.14  psigA3  schedule  as 
some  felt  that  there  was  not  sufficient  support  from  the 
lowest  pressure  schedule. 


0.83  psigAi  has  a  definite  negative  effect  on  both  SACTM 
endurance  and  relaxed  G  tolerance. 

The  findings  of  this  study  indicate  that  the  pressure  sched¬ 
ule  f<v  the  ATAGS  may  be  reduced  to  at  least  1 . 14  psig/G 
but  that  a  schedule  as  low  as  0.83  psigfG  has  a  negative 
effect  on  G  protection. 
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CONCLUSIONS 

Research  in  tire  effects  of  extended  coverage  anti-G  suits 
will  be  continued.  There  are  valid  reasons  to  believe  that  a 
reduction  in  inflation  schedules  is  desirable  from  tire 
standpoint  of  comfort  or  potentially  advantageous  in  tire 
design  of  future  high  technology  Breathing  Regulator  / 
anti-O  Valve  systems. 

From  the  data  ooUected  in  this  study,  we  have  shown  that 
redudog  tire  presaore  schedule  fiom  1 .45 10 1 . 14  piigA3  in 
the  ATAGS  has  no  statistical  effect  on  O  toleiance  or 
endurance.  It  is  importam  to  caution,  however,  that  these 
resttlttare  baaed  onarathersmall  sample,  and  atteoipa  will 
be  made  to  corroborate  theae  findings  in  future  siudiei. 
This  study  has  also  shown  that  reducing  the  schedule  to 
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ABSTRACT 


The  Military  Aircrew  Head  Support  System  (MAHSS)  is  designed  to  give  the  pilot  extra 
support  to  his  head  and  torso  by  means  of  cables  under  the  control  of  a  micro-processor. 
This  calculates  the  expected  tension  on  the  cables  under  the  prevailing  G  forces.  It 
then  compares  these  values  with  the  actual  strain  on  the  cables.  Any  differences  in 
tension  to  those  calculated  should  be  as  a  result  of  the  pilot  trying  to  move,  and  the 
cables  will  be  adjusted  to  assist  him.  The  MAHSS  should  offer  benefits  in  terms  of  less 
fatigue  and  injury  and  the  ability  of  the  pilot  to  move  his  head  while  manoeuvring 
without  the  danger  of  getting  stuck  in  a  slumped  position  during  high  G.  It  could  also 
be  useful  during  the  ejection  sequence,  by  reeling  in  the  cables  and  thus  stabilising 
the  pilot’s  body  and  spine  in  the  line  of  the  ejection  force.  A  simplified  system  has 
been  tested  to  6  G  in  a  centrifuge  with  manual  control  of  the  cable  lengths.  The 
development  of  the  system  is  described,  including  biomechanical  modelling  and  t* 
investigation  into  its  acceptability  to  pilots,  and  other  human  factors  issues. 


1 .  INTRODUCTION 

The  capacity  of  modern  fighter  aircraft  to 
pull  high  levels  of  G  can  lead  to  a  number 
of  problems  for  the  crew.  These  problems 
range  from  lack  of  head  mobility  while 
sustaining  G,  through  discomfort  and 
fatigue,  to  C-Induced  Loss  of  Consciousness 
(G-LOC).  The  introduction  of  helmet  mounted 
systems  such  as  Night  Vision  Goggles  (NVGs) 
and  Helmet  Mounted  Sights  (HMSs)  could 
increase  the  problems  of  mobility,  and 
increase  the  likelihood  of  strain  and 
injury.  This  is  particularly  a  problem 
if  the  Centre  of  Gravity  (C  of  G)  of  the 
head  and  helmet  assemblies  is  further 
forward  than  that  of  the  natural  C  of  G. 

It  seems  likely  that  no  single  solution 
will  be  found  for  these  problems,  short 
of  fully  automated  or  remotely  piloted 
aircraft.  It  had  previously  been  believed 
that  the  use  of  longer  range  weapons  would 
reduce  the  need  to  pull  high  G.  However, 
evidence  is  emerging  which  suggests 
that  these  only  serve  to  distance  the 
aircraft  in  air-to-air  combat  without 
altering  the  need  to  perform  high  G 
manoeuvres.  HMSs  could  allow  aircraft  to 
release  weapons  at  high  off  boresight 
angles  reducing  the  need  to  turn  tightly. 
However,  if  an  aircraft  is  capable  of 
high  G  it  is  likely  that  tactics  and 
i  r  c  urns  t  ancca  ■ill  at  sometime  demand 
that  the  pilot  utilise  this  capability 

The  need  for  some  kind  of  head  support 
system  has  been  recognised  by  a  number 
of  authors,  including  Farley  (1985).  He 
postulated  that  such  a  system  could  be 
used  to  exploit  more  fully  the  high  G 
capabilities  of  combat  aircraft,  and  also 
act  as  an  aid  during  ejection.  Such  a 
system  would  need  to  allow  the  pilot  to 
move  his  head  unrestricted  during  normal 
operations  and  support  or  aid  head  movements 
under  high  G.  Deakin  (1987)  proposed  a 
design  for  the  Military  Aircrew  Head 
Support  System  (MAHSS),  and  this  has  been 
developed  to  a  prototype  standard 
(Allright.  1989) 


This  paper  gives  an  outline  of  the  MAHSS 
concept  and  design.  It  reports  on  the 
testing  and  development  to  date,  and 
presents  the  results  of  an  investigation 
into  some  of  the  human  factors  aspects  of 
the  system. 

2.  DESCRIPTION 

The  pilot  wears  a  helmet  to  which  a 
'horseshoe'  and  slider  arrangement  is 
attached  (see  Figure  1).  The  horseshoe 
runs  around  the  back  of  the  helmet, 
approximately  from  ear  to  ear  and  Is 
attached  by  pivots  which  allow  it  to  move 
up  and  down  in  relation  to  the  helmet. 

The  slider  is  positioned  on  the  horseshoe 
and  is  free  to  move  along  its  length. 
Attached  to  the  slider  is  a  cable  which 
runs  through  a  series  of  pulleys  to  a  drum 
mounted  in  the  seat.  The  drum  is  powered 
by  an  electric  stepper  motor  mounted  off 
the  seat.  The  pilot  is  free  to  move  his 
head  left  and  right  with  the  slider 
running  along  the  horseshoe,  and  up  and 
down  with  the  horseshoe  pivoting.  The 
horseshoe  could  be  extended  by  spring 
loaded  extensions  to  allow  the  slider  to 
move  beyond  90°,  without  permanently 
imposing  upon  the  pilot's  field  of  view. 

A  second  cable  from  a  powered  drum  is 
attached  to  the  back  of  the  pilot's 
harness,  to  provide  torso  support. 

The  system  will  utilise  various  inputs 
to  determine  its  correct  operation. 
Accelerometers  will  be  mounted  in  the 
aircraft  to  measure  G  in  the  z  axis.  The 
lengths  of  cable  paid  out  will  be 
measured  via  optical  shaft  encoders  on  the 
motors.  The  tension  on  these  cables  will 
be  measured  with  strain  gauges.  A 
microprocessor  determines  the  expected 
tension  on  the  cable.  This  will  vary 
according  to  the  mass  of  the  pilot's 
head  and  headgear,  the  head  position  and 
current  G  values.  This  will  be  compared  to 
the  measured  value. 
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If  the  measured  value  is  less  than  that 
expected  then  the  pilot  is  assumed  to 
be  trying  to  raise  his  head  (move  it  back) 
if  more  then  he  is  trying  to  move  it 
forward.  Dead  space  values  are  needed 
for  a  band  around  the  calculated  value. 

The  microprocessor  will  demand  that  the 
motor  winds  in  or  out  or  holds  depending 
on  the  relative  values  of  the 
accelerometers,  cable  tension  and  position 
of  the  head  (determined  by  the  amount  of 
cable  paid  out).  The  system  acts  in 
effect  as  a  servo  mechanism  for  the 
pilot's  neck  when  he  is  trying  to  raise 
or  support  his  head,  while  still 
allowing  rotation  of  the  head  and  paying 
out  cable  to  allow  for  forward  movement. 

In  the  event  of  ejection  being  initiated, 
it  is  proposed  that  the  cables  would  be 
wound  in  to  hold  the  head  and  torso 
against  the  seat  head  box  and  back.  A 
limiting  speed  of  about  8  meters/sec  for 
the  head  to  be  reeled  in  during  ejection 
has  been  suggested  by  the  RAF  Institute 
of  Aviation  Medicine  (lAM).  A  suggested 
alternative  position  for  ejection  could 
be  with  the  torso  fully  forward  resting 
on  the  thighs.  If  the  position  of  the 
head  will  not  allow  a  fully  upright 
position  to  be  obtained,  it  may  be 
preferr^ble  to  accommodate  this  leaning 
forward  position  by  allowing  the  cables 
to  reel  out.  After  ejection  the  cables 
would  be  severed  to  prevent  the  pilot 
from  remaining  attached  to  the  seat. 

The  MAHSS  is  covered  by  British,  European. 
Japanese  and  USA  patents.  The  MAHSS 
differs  from  previous  designs  in  that 
it  is  an  active  system,  not  based  on 
inertia  reels  or  passive  supports. 

3.  DEVELOPMENT 

The  design  raises  a  number  of  fundamental 
questions  which  can  be  summarised  as 
'Can  the  system  be  made  to  work  safely  and 
reliably  and  be  acceptable  to  the  users?’. 
A  secondary  question  is  whether  the 
benefits  will  outweight  the  disadvantages, 
eg  costs. 

The  development  and  assessment  of  the 
system  comprises  four  main  topic  areas. 
These  are  centrifuge  and  aircraft  trials, 
biomechanical  modelling,  and  a  survey 
of  pilot  opinion.  So  far  some  centrifuge 
trials  have  been  completed  with  partial 
systems.  The  biomechanical  modelling 
and  the  pilot  survey  have  also  been 
undertaken.  The  results  of  the  modelling 
will  feed  into  a  prototype  which  will  be 
ready  for  further  centrifuge  trials 
later  this  year . 

3 . 1  Centrifuge  Trials 

The  horseshoe  and  slider  were  tested 
with  a  fixed  length  of  cable  at  up  to 
6  G  by  two  subjects.  This  showed  that 
the  cable  could  support  the  head  while 
still  allowing  it  to  move,  although  this 
caused  high  noise  levels  to  be  transmitted 
to  the  helmet  from  the  slider. 


The  horseshoe  and  slider  were  re-designed 
and  a  partial  prototype  was  built.  This  was 
tested  on  the  centrifuge  at  the  RAF  lAM. 

It  was  incomplete  in  that  it  had  no 
accelerometer  inputs  or  computer  programme 
to  control  the  motor  function.  Instead 
this  was  under  the  control  of  the  subject 
via  a  hand  lever.  Forward  movement  caused 
the  wire  to  be  paid  out  and  backward 
movement  made  the  motor  reel  in.  The 
subjects  had  to  keep  the  tension  on  the 
wire  to  prevent  it  from  slipping  off  the 
drum.  Care  had  also  to  be  taken  when 
winding  in  as  there  was  no  safety 
mechanism  to  prevent  the  helmet  and  head 
being  pulled  hard  into  the  headbox.  This 
system  did  not  include  a  torso  cable. 

Two  subjects  tested  the  prototype  at  4  G 
and  one  subject  tested  it  at  6  G,  while 
wearing  an  anci-G  suit.  The  subjects 
were  able  to  use  Che  motor  to  assist  head 
movements  forward  and  back,  and  rotated 
their  heads  while  in  the  forward  position. 
Head  mobility  did  not  seem  to  be  adversely 
affected  by  the  system.  The  lack  of  a 
torso  cable  may  have  contributed  to 
subjects  reporting  the  uncomfortable 
situation  of  the  head  supporting  the  body 
while  in  forward  positions.  McKenzie  (1990) 
describes  this  trial  more  fully. 

The  centrifuge  trial  indicated  that  while 
the  concept  was  viable,  several  aspects 
still  needed  a  large  amount  of  development. 
These  included: 

1.  Developing  a  computer  programme  to 
actively  control  the  motor(s). 

2.  Assessing  the  acceptability  and 
applicability  of  the  MAHSS. 

3.  Making  a  robust  system  for  more 
cent  r i f  uge  work . 

4.  Developing  an  aircraft  prototype 

3 . 2  Biomechanical  Modelling 

An  active  control  programme  to  control 
the  MAHSS  is  required.  There  are  two  main 
methods  by  which  such  a  programme  could 
work.  The  first  would  be  based  on 
calculating  the  expected  tension  for  each 
set  of  measured  G  forces  and  amount  of 
cable  paid  out,  depending  on  pilot  head 
and  helmet  mass.  The  second  method  is 
to  use  look  up  tables  of  derived  tensions 
for  different  conditions.  These  values 
could  be  derived  either  from  models  or 
empirically.  However,  if  dynamic 
conditions  are  to  be  catered  for  a  very 
large  data  base  might  be  required. 

Gathering  experimentally  derived  values 
would  be  difficult,  costly  and  time 
consuming.  This  is  not  justified  for  a 
prototype,  but  it  may  become  a  viable 
option  for  a  production  system. 

Both  methods  might  require  different  data 
to  be  input  for  different  pilots,  helmets 
and  helmet  mounted  equipments.  This  could 
be  via  a  pilot  ^head  trim*  control  that 
could  be  set  up  early  in  the  flight  and 
would  be  valid  for  all  conditions. 


Alternatively  there  could  be  sufficient 
dead  area  to  cope  for  the  largest  mass  of 
head  and  helmet.  In  this  case  increasing 
or  decreasing  tension  on  the  cable  has  no 
effect  until  a  break  out  force  is  exceeded. 

Biodynamic  modelling  of  the  head  under  G 
is  being  carried  out  to  develop  algorithms 
to  calculate  expected  tensions  for  solution 
one.  Various  models  of  how  the  human  body 
behaves  under  G  are  available,  ranging  from 
simple  to  very  complex.  A  model  outlined 
by  Vulcan  and  King  (1970)  was  selected 
as  a  standard  with  which  to  compare  more 
simple  versions.  The  model,  including 
FORTRAN  programme  listings  is  described 
more  fully  in  Vulcan's  PhD  dissertation 
(1969)  which  examines  human  biodynamic 
responses  to  high  G  forces,  such  as  those 
found  in  ejection.  He  compared  his  model 
to  measurements  made  on  cadavers  which 
were  propelled  up  a  disused  lift  shaft  at 
the  Wayne  State  University  at  varying 
accelerations.  His  programme  has  been 
copied  as  accurately  as  possible.  What 
appear  to  be  five  small  programming  errors 
were  discovered,  but  they  have  negligible 
effect  on  the  output  solutions.  The  outputs 
from  this  programme  therefore  match  those 
that  Vulcan  obtained.  Three  other 
programmes  have  also  been  written.  The  first 
is  very  similar  to  the  original  and  is 
based  on  a  four  degree  of  freedom  model 
which  calculates  dynamic  forces  (or  expected 
tensions  on  the  support  wires).  The  second 
is  based  on  the  same  set  of  equations  but 
only  deals  with  steady  state  conditions, 
and  the  third  is  simpler  still  and  is  based 
on  a  joint  model  of  the  body  without 
considering  any  damping  or  stiffening. 

All  four  models  have  been  compared  to  some 
of  the  measurements  made  on  the  cadavers 
at  Wayne  State  University.  The  selected 
measurements  were  the  forces  and  moments 
around  the  third  lumber  vertebra  (L3),  and 
the  tension  a;,  a  shoulder  strap,  which  was 
measured  for  one  run.  The  models  show 
differing  degrees  of  fit  for  different 
conditions.  The  more  simple  models  did 
not  necessarily  show  less  fidelity  than 
the  Vulcan  model . 

There  was  sufficient  agreement  between 
the  models  and  the  experimental  evidence 
to  suggest  that  one  of  them  could  form 
a  suitable  basis  for  the  MAHSS  control 
laws.  The  rate  of  onset  and  the  peak 
levels  of  G  that  the  MAHSS  has  to  deal 
with  will  be  well  within  chose  examined. 

It  therefore  seems  possible  that  a 
fairly  simple  model  may  be  adequate  to 
predict  the  expected  tensions  in  the  MAHSS 
wires.  The  advantage  of  a  simple  model 
is  that  it  is  easier  to  run  the  system 
at  a  faster  rate  to  calculate  the  expected 
tensions  and  compare  them  to  the  measured 
tensions  and  adjust  as  necessary.  Twenty 
Hz  is  the  aim  for  the  prototype.  However 
all  of  the  models  are  available  for 
testing  during  the  next  centrifuge  trials. 


3 . 3  Survey 

Assessment  of  the  prototypes  has  been  an 
important  part  of  the  development  process. 

As  these  progressed  and  confidence  in  the 
viability  of  the  concept  grew,  it  was  felt 
that  a  parallel  study  was  required  in 
order  to  elicit  aircrew  opinion  on  the 
factors  which  might  affect  its  successful 
introduction  into  service.  Structured 
interviews  were  conducted  with  five  BAe 
test  pilots.  The  eight  topic  headings 
given  below  were  taken  from  these 
interviews.  In  addition  other  discussions 
with  service  aircrew  have  been  quoted 
where  applicable. 

3.3.1  The  Requirement 

It  has  been  suggested  that  the  need  for 
the  pilot  and  other  aircrew  to  move  their 
heads  under  high  G  may  not  be  enough  to 
warrant  the  development  of  a  system  similar 
to  the  MAHSS.  In  another  study  (on  the 
introduction  of  NVGs)  interviews  were 
conducted  with  Tornado  ADV  aircrew  from 
RAF  Coningsby.  They  tested  NVGs  under 
a  variety  of  conditions  including  during 
Air  Combat  Manoeuvres  (ACM).  The  weight 
and  positioning  of  the  NVGs  mean  that  an 
increased  strain  on  the  neck  was  imposed. 

The  crews  reported  that  they  preposition 
their  heads  before  making  medium  G 
manoeuvres  (4  to  5  G)  and  avoided  putting 
on  high  G  whenever  possible,  although  up 
to  7  G  had  been  reported.  The  development 
and  implementation  of  such  coping  strategies 
could  impose  unnecessary  limits  to 
c p**: at ional  effectiveness. 

The  opinions  of  the  BAe  pilots  are  that 
there  is  a  great  need  for  head  movements 
under  G.  This  is  especially  so  when 
flying  terrain  masking  or  ACM.  The  reduced 
Field  of  View  (FOV)  of  NVGs,  and  the  fact 
that  the  pilot  has  to  point  his  head 
rather  than  his  eyes  to  see,  means  he  will 
have  to  move  his  head  more  to  acquire 
targets  and  maintain  situational  awareness. 

3.3.2  Application 

The  test  pilots  thought  that  the  system 
would  be  suitable  for  aircraft  capable 
of  high  sustained  G  manoeuvres.  The 
system  was  considered  for  the  ADV  Tornado 
Weapon  System  Upgrade  but  it  was  found 
that  the  attack  profiles  of  a  BVR 
interceptor,  such  as  ADV,  did  not  warrant 
its  inclusion.  However,  it  is  recognised 
that  in  two  seater  aircraft  the  Weapon 
System  Operator  or  navigator  may  benefit 
more  from  the  MAHSS,  as  he  may  be  less 
prepared  for  the  onset  of  G  than  the 
pilot  who  is  controlling  the  aircraft. 

3.3.3  Systems  Requirements 

The  most  important  requirement  identified 
was  that  the  system  should  not  limit  the 
pilot's  FOV,  The  proposed  spring 
loaded  extensions  to  the  horseshoe  were 
criticised  for  this,  even  though  they  may 
not  be  a  permanent  restriction.  The 
removal  of  this  design  feature  should  not 
restrict  head  movements. 
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The  pilot  needs  to  be  able  to  turn  his 
head  to  approximately  150®  behind  and  to 
be  able  to  see  180®  behind. 

The  system  should  also  not  hinder  or 
restrict  pilot  head  movement  under 
normal  conditions.  As  the  vast  majority 
or  flying  is  done  close  to  1  G,  any 
encumbrance  is  likely  to  cause  the  users 
to  reject  the  system. 

The  horseshoe  and  headbox  interface  was 
not  felt  to  be  a  problem  as  the  pilots 
only  position  their  heads  against  the 
headbox  for  ejection. 

3.3.4  Election 

As  described  above,  there  are  two 
positions  that  are  being  considered 
for  ejection.  The  first  is  the  standard 
upright  position,  for  when  the  pilot  is 
sat  upright  or  if  the  system  has  enough 
time  to  pull  him  upright.  The  second 
position  is  with  the  torso  resting  on 
the  thighs,  and  is  proposed  for  when 
there  is  not  enough  time  for  the  pilot 
to  become  upright. 

The  reeling  in  on  of  the  cables  during 
the  ejection  sequence  was  treated  with 
some  suspicion.  There  was  some  debate 
about  this  restrained  posture  for  ejection 
and  more  investigation  is  required  in 
this  area.  Equally  the  possibility  of 
the  system  releasing  the  tension  on  the 
wires  to  allow  the  torso  to  rest  on  the 
thighs  was  greeted  with  some  alarm. 

However,  if  the  HAKSS  was  in  place 
then  it  should  be  more  likely  that  the 
pilot  could  eject  in  the  approved  upright 
position . 

It  was  not  fe?t  that  because  the  NAKSS 
holds  the  head  against  the  head  box  it 
would  enable  ejection  while  wearing  current 
NVG's.  The  effects  of  air  stream  upon 
them  were  too  great  and  unpredictable. 
However,  the  extra  mass  and  any  Induced 
moment  of  an  integrated  and  streamlined 
helmet  system  might  be  ameliorated  on 
ejection  by  the  cable  tension. 

3.3.5  Ingress/Egress 

The  capability  of  rapid  ingress  and 
egress  is  required  for  combat  aircraft. 

The  opinion  of  all  the  test  pilots  was 
that  anything  which  requires  longer 
strapping  in  procedures  is  undesirable. 

They  also  stated  that  it  should  be 
possible  for  the  pilot  to  connect  to 
the  tension  wires  himself.  The  ability 
for  the  pilot  to  disconnect  himself 
was  considered  essential. 

3.3.6  Other  Problems 

It  was  noted  that  applying  tension  to  the 
wires  connected  to  the  harness  and  the 
helmet  is  not  quite  the  same  as 
supporting  the  man  directly.  If  it  is 
possible  for  him  to  slip  within  the 
helmet  or  harness  then  the  system  could 
be  rendered  less  effective. 


The  use  of  a  close  fitting  helmet  such 
as  the  'Alpha'  is  an  important  feature 
of  the  design.  The  force  is  transmitted 
to  the  brow  of  the  helmet,  rather  than 
to  the  chin  strap  which  had  been  one  fear. 

One  pilot  commented  that  the  design  did 
not  go  far  enough  and  he  would  like  to 
see  assistance  for  head  side  to  side 
movements  under  combined  y  and  z 
accelerations.  It  may  be  that  by  reducing 
the  muscle  tension  needtid  against  -t-Gz 
that  lateral  movements  become  easier  if 
there  is  a  high  Gy,  but  this  will  need 
to  be  investigated  further. 

3.3.7  Spin  Offs 

Head  slump  due  to  G-LOC  could  be  fairly 
readily  detected  by  the  MAHSS  and  could 
be  linked  to  an  aircraft  recovery  system, 
should  such  systems  be  Introduced  in  the 
future . 

Linking  the  system  with  a  helmet  mounted 
sight  could  have  benefits  for  both 
systems  in  that  each  could  cross 
reference  the  other  to  get  more  accurate 
head  position  data. 

3.3.8  Testing  and  Confidence 

A  programme  of  centrifuge,  flight  and 
ejector  seat  trials  is  required  for  the 
system.  The  results  of  these  will  feed 
back  into  the  design  and  the  computer 
modelling  and  control  laws. 

Initially  the  flight  trials  of  the  MAHSS 
may  have  to  be  without  a  functional 
ejector  seat.  This  is  because  the 
prototype  is  unlikely  to  be  compatible 
with  ejector  seat  operation.  Aircraft 
which  are  capable  of  subjecting  the 
system  to  the  required  G  conditions  are 
usually  fitted  with  ejector  seats.  The 
pilots  commented  that  they  would  be 
very  reluctant  to  fly  most  aircraft 
without  a  functional  ejector  seat.  A 
number  of  factors  were  identified  which 
make  the  pilots  more  willing  to  consider 
flying  without  an  operational  ejector 
seat.  These  are  that  the  plane  should 
be  twin  engined,  should  have  good  glide 
characteristics,  in  case  of  engine 
failure,  and  will  need  to  be  twin  seater 
as  a  safety  pilot  will  probably  be 
required.  All  these  criteria  may  not 
need  to  be  met,  and  to  date  the  Hawk  100 
has  been  identified  as  a  good  candiate. 
Other  aircraft  under  consideration  are 
the  Tucano  and  PC  9. 

It  was  felt  by  BAe  test  pilots  that 
confidence  in  the  system  could  be  built 
up  fairly  quickly  in  an  aircraft  system, 
if  it  worked  correctly.  Failure  could 
be  cataatrophlc  if,  for  example,  the  cable 
were  to  fail  or  reel  out,  under  high  G. 
.^llots  felt  that  direct  use  or  contact 
with  pilots  who  had  used  the  system  would 
be  needed  to  establish  confidence  in  the 
concept  amongst  a  wider  audience. 
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4.  CONCLUSIONS 


The  testing  on  the  centrifuge  has  shown 
that  the  system  could  be  viable,  although 
there  is  a  lot  more  work  required  before 
an  aircraft  standard  prototype  can  be 
produced  . 

The  biomechanical  and  programming  work  on 
the  control  laws  for  the  MAHSS  indicates 
that  a  sophisticated  model  may  not  be 
needed  for  the  prediction  of  cable  tensions. 
This  needs  to  be  ratified  with  more 
centrifuge  studies. 

The  survey  has  shown  that  there  is 
potential  for  a  head  support  system  and 
this  is  likely  to  increase  as  more  agile 
aircraft  are  brought  into  service,  such 
as  EFA.  The  mass  of  head  mounted  systems 
is  going  to  be  critical  and  strengthens 
the  demand  for  a  MAHSS.  Pilot  and  other 
opinions  have  tended  to  be  reserved  but  are 
generally  favourable  towards  such  a  system. 

No  obstacle  has  so  far  ruled  out  the 
possibility  of  the  MAHSS  beinjg  employed 
in  mordern  fighter  aircraft.  The  way  r.head 
after  completing  the  development  of  the 
control  laws  and  other  work  on  the 
centrifuge,  is  to  put  a  prototype  into  an 
aircraft.  This  will  allow  testing  under 
more  realistic  manoeuvres  and  dynamic 
conditions . 
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To  study  possible  means  of  ameliorating  the  effects  of  gravitational  acceleration  on 
the  cardiovascular  system,  a  non-linear  digital  computer  model  has  been  developed.  It 
combines  a  variable  compliance  model  of  the  left  ventricle,  multi-element  models  of  the 
aorta  and  the  systemic  and  venous  systems,  and  lumped  models  of  peripheral  vascular 
beds.  The  model  of  the  left  ventricle  is  based  on  work  by  Suga  and  Sagawa  [1].  The 
vascular  elements  are  obtained  from  the  solution  of  the  Navier-Stokes  equations, 
combined  with  a  set  of  simplifying  assumptions  [2].  This  closed-loop  system  includes 
heart  rate  control  and  venous  tone  control,  and  the  effects  of  acceleration  forces.  The 
model  also  can  simulate  the  effect  of  several  modes  of  G  protection,  including  the  anti-G 
suit,  straining  maneuvers,  positive  pressure  breathing  (PPB),  and  seat  back  angle.  A 
block  diagram  of  the  simulation  is  depicted  in  Fig.  1.  In  the  study  reported  here,  this 
model  was  used  to  gain  an  understanding  of  the  effects  of  positive  pressure  breathing 
on  G  tolerance  and  to  compare  these  effects  to  other  protection  methods. 


Fig.l;  Block  diagram  of  the  cardiovascular  model 
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Pressure  from  the  G-suit,  straining  maneuvers,  and/or  PPB  was  coupled  to  the 
vasculature  through  the  compliance  elements  of  the  appropriate  vascular  bed.  Suit 
pressure  was  applied  to  the  abdominal  and  leg  elements;  the  Ml  pressure  was  applied  to 
the  thoracic,  abdominal  and  leg  elements;  and  the  PPB  pressure  was  applied  to  the 
upper  elements  of  the  model  representing  the  thoracic  segments  and  the  lower 
cerebral  vessels.  PPB  pressure  was  applied  in  proportion  to  the  +Gz  level  beginning  at 
1.2G.  The  amplitude  of  the  G  suit  pressure  followed  the  standard  military  specification: 
Psuit=l-5  (Gz-1)  psi,  with  the  pressure  applied  beginning  at  1.5G  [3].  The  Ml  maneuver 
included  inspiration  for  1  second  and  forced  expiration  for  3  seconds. 

The  effects  of  G  stress  and  protection  techniques  were  evaluated  using  calculated 
pressure  and  flow  in  the  ophthalmic  artery  where  the  first  symptoms  indicative  of  G 
induced  circulatory  problems  occur.  It  was  assumed  that  systolic  ophthalmic  artery 
pressure  above  50  mmHg  maintains  full  vision;  that  peripheral  light  loss  (PLL)  begins 
when  peak  ophthalmic  artery  pressure  falls  below  50  mmHg;  and  that  central  light  loss 
(CLL)  occurs  when  peak  pressure  drops  below  20  mmHg.  To  permit  comparison  of  the 
various  protection  techniques,  we  used  simulated  G  profiles  consisting  of  rapid  onset 
(IG/sec),  followed  by  a  15  second  plateau  for  sustained  level;  or  alternate  levels  of  4 
and  7  G,  each  for  7  second  duration,  for  simulated  aerial  combat  maneuver  (SACM). 
Thus  far,  we  have  incorporated  only  the  mechanical  effects  of  PPB  in  the  cardiovascular 
model.  The  rhythmic  effects  of  respiration  have  not  yet  been  included. 

Sample  results  are  presented  in  Figs.  2,  3  and  4,  and  the  accompanying  Table  1. 
Fig.  2  shows  the  effects  on  ophthalmic  artery  pressure  of  the  anti-G  suit  alone  (Panel 
2b)  and  the  effects  of  the  anti-G  suit  combined  with  PPB  adjusted  to  a  maximum  of  30 
mmHg  (Panel  2c).  The  results  were  obtained  for  a  rapid  onset,  15  second  sustained 
acceleration  level.  The  G  profile  is  shown  in  Panel  2a.  The  pressure  level  at  which  PLL 
and  CLL  values  are  assumed  to  occur  are  indicated  by  the  two  horizontal  lines  at  50  and 
20  mmHg  respectively.  Note  that  the  rapid  acceleration  onset  is  followed  by  a  decrease 
of  the  systolic  pressure  of  the  ophthalmic  artery. 
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Fig.  2:  Ophthalmic  artery  pressure  for  a  sustained  plateau  (70) 
(pressure  in  mmHg,  time  in  sec) 
a-  G  Profile 
b-  Anti-G  suit  alone 

c-  Anti-G  suit  combined  with  PPB  at  30  mmHg  max 


In  Panel  2b,  the  peak  pressure  fell  below  the  critical  value  for  CLL  approximately  7 
sec  after  the  start  of  the  acceleration  stress;  the  anti-G  suit  was  able  to  maintain  a  peak 
arterial  pressure  of  only  slightly  below  20  mmHg  for  the  remainder  of  the  run.  The 
ophthalmic  pressure  recovered  its  initial  value  when  the  acceleration  stress  was 
removed.  When  the  anti-G  suit  was  combined  with  PPB  having  a  maximum  value  of  30 
mmHg  (Panel  2c),  the  peak  pressure  fell  below  the  PLL  value  8.5  sec  after  the  start  of 
the  onset,  and  was  maintained  substantially  above  the  CLL  value  for  the  remainder  of 
the  run.  This  demonstrates  the  benefit  of  positive  pressure  breathing,  yielding  (for  30 
mmHg  positive  pressure)  an  additional  protection  of  approximately  IG  over  the  anti-G 
suit  alone.  This  assumes  that  each  additional  22  mmHg  provides  a  IG  increment  in 
protection. 
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The  effects  of  combining  different  levels  of  PPB  with  an  anti-G  suit  during  SACM 
are  demonstrated  in  Fig.  3  in  which  rapid  onset  is  followed  by  4/7G  SACM.  In  Panel  3b, 
for  PPB  of  30  mmHg  maximum  level,  the  ophthalmic  artery  pressure  falls  below  the  PLL 
value  during  the  7G  plateau  but  remains  above  the  CLL  value  of  20  mmHg.  The  same 
level  of  protection  was  observed  as  in  the  sustained  7G  run.  A  more  effective 
protection  was  achieved  in  these  runs  when  the  PPB  pressure  was  set  to  reach  60 
mmHg  at  7G  (Panel  3c). 
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Fig.  3:  Ophthalmic  artery  pressure  for  a  simulated  SACM  maneuver  (4/70 
(pressure  in  mmHg,  lime  in  sec) 
a-  G  Profile 

b-  Anti-G  suit  combined  with  PPB  at  30  mmHg  max. 
c-  Anti-G  suit  combined  with  PPB  at  60  mmHg  max. 
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For  the  SACM  run,  the  model  predicts  that  for  an  unprotected  subject,  during  the 
4G  plateau,  the  ophthalmic  artery  pressure  recovers  to  increasingly  higher  value  for 
each  repeated  low  level  plateau  (Panel  4b).  When  the  Anti-G  suit,  the  Ml  maneuver  (at 
25  mmHg),  and  PPB  (at  25  mmHg)  were  all  combined  during  the  SACM  run  (Panel  4c), 
the  ophthalmic  artery  pressure  was  maintained  around  the  PLL  value,  suggesting  the 
additive  effects  of  these  techniques  on  gravitational  acceleration  tolerance.  For  this 
run,  the  Mi  maneuver  was  applied  only  above  the  4G  plateau  level,  as  the  combination 
of  anti-G  suit  and  PPB  of  25  mmHg  provided  a  sufficient  protection  up  to  this 
acceleration  level. 
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Fig.  4:  Ophthalmic  artery  pressure  for  a  simulated  SACM  maneuver  (4/7G) 
(pressure  in  mmHg.  time  in  sec) 
a-  G  Profile 
b-  Unprotected 

c-  Anti-G  suit  combined  with  PPB  at  25  mmHg  max,  and 
M-1  at  25  mmHg  max. 
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Table  1:  Protection  Technique  and  G  tolerance 


No 

Suit 

Suit»Ml(30) 

Suit»PPB(30) 

Suit*Ml(30)»PPB(30) 

4 

No  PLL 

No  PLL 

No  PLL 

No  PLL 

No  CLL 

No  CLL 

No  CLL 

No  CLL 

7 

PLL:  3  5  sec 

PLL:5.1  sec 

PLL:  8.5  sec 

PLL:  8  5  sec 

No  PLL 

CLL:  4.1  sec 

CCL:7.0  sec 

No  CLL 

No  CLL 

No  CLL 

4/7 

Alternate 

PLL:  2.2  sec 

CLL:  3  0  sec 

PLL:13  5  sec 
2nd  Plateau 

CLL:  1 5  sec 

PLL;  15  sec 
2nd  Plateau 

No  CLL 

PLL;  15  sec 

2nd  Plateau 

No  CLL 

No  PLL 

No  CLL 

PLL  :  Peripheral  Light  Loss- 

Ophthalmic  artery  pressure  falls  and  remains  below  50  mmHg  during  the  run 
CLL  :  Central  Light  Loss- 

Ophthalmic  artery  pressure  falls  and  remains  below  50  mmHg  during  the  run 


Table  1  summarizes  the  simulated  results  of  three  different  protection  techniques 
at  different  G  levels.  Note  the  increased  delay  in  the  occurrence  of  PLL  and  CLL  when 
the  protective  effects  of  the  anti-G  suit  was  supplemented  by  3  other  combinations  of 
protection  techniques.  For  an  unprotected  subject  at  7G,  PLL  occurred  3.5  sec  after  the 
start  of  the  rapid  onset  run.  The  delay  was  increased  to  8.5  sec  when  the  anti-G  suit 
was  combined  either  with  Ml  maneuver  or  with  positive  pressure  breathing.  Both  the 
Ml  straining  maneuver  and  PPB  of  30  mmHg  maximum  level  gave  the  same  protection 
delay  at  two  different  G  levels,  suggesting  that  similar  protection  level  is  provided  by 
these  two  techniques.  Also  note  that  no  center  light  loss  was  observed  when  the  anti-G 
suit  was  combined  with  MI  or  with  PBB.  When  all  protection  techniques  were 
combined,  peak  ophthalmic  artery  pressure  remained  above  the  PLL  value  throughout 
the  run. 

We  are  now  refining  our  model  to  include  pulmonary  mechanics,  ventilation, 
perfusion  and  gas  exchange,  all  of  which  are  affected  by  positive  pressure  breathing. 
We  anticipate  that  the  added  elements  will  improve  the  understanding  of  the  effects  of 
positive  pressure  breathing  on  G  tolerance  and  will  provide  the  means  for  optimizing  its 
effects. 
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SUMMARY 

Satisfactory  performance  of  combat  pilots 
exposed  to  rapid  onset  of  high  sustained 
gravitational  stress  (-fG  }  is  comprorised 
by  caudalward  fluid  shifts  which  provoke 
"compensatory"  responses  from  the  central 
nervous  system.  Such  neural,  metabolic 
and  humoral  responses  can  lead  to  dramatic 
alterations  in  the  heart  rate,  stroke  vol¬ 
ume,  cardiac  output,  myocardial  contract¬ 
ility  and  vascular  tonus,  with  the  clear 
danger  of  loss  of  vision,  loss  of  consci¬ 
ousness  and  myocardial  fibrillation  and 

1  schem  ia . 

A  simple  but  complete  model  of  the  coron¬ 
ary  circulation  is  proposed  as  a  frame¬ 
work  for  organi2ing  a  systematic  research 
program  for  the  passive  and  active  control 
of  this  circulation  under  conditions  of 
extreme  g-stress.  Within  such  a  frame¬ 
work.  preliminary  conclusions  can  be 
drawn  concerning  the  investigation  of 
effective  countermeasures  designed  to 
enhance  pilot  tolerance  in  air-combat 
maneuvers . 
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F  wall  sk  i  n- f r ic t i on  coefficient 
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G^  caudalward  gravitational  force 
factor  in  pressure-area  law 
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and  outside  of  the  cell  ,  reap. 

T  absolute  temperature 
V  cross-section  averaged  velocity 
V^  potential  difference  across  cell 
membrane 

2  valence  of  S 

X  distance  along  vascular  tree 
t  time 

compliance  and  related  parameters 
6  gravitational  force  potential 
blood  viscosity 
p  blood  density 


1.  INTRODUCTION 


autonomic  nervous  system  (ANS)  activity 
(attempting  to  compensate  for  these  shifts) 
and  alterations  of  the  aortic  pressure. 

The  heart  rate  ma,  increase  rapidly  up  to 
160  -  200  bpm  upon  activation  of  the  arter¬ 
ial  baroreceptor  reflex  which  transmits 
signals  to  the  pacemaker  via  the  carotid 
sinus  nerve.  Other  reflexoqenic  areas  may 
further  modify  the  response.  For  example, 
activation  nf  vagal  cardiopulmonary  mechan- 
oreceptors  can  reduce  baroreceptor  response 
(Greenleaf  et  al  1977),  Both  subendocardial 
hemorrhage  and  increase  in  heart  rate  appear 
to  be  related  to  involvement  of  the  sympath¬ 
etic  nervous  system  (lessened  by  p  -adren¬ 
ergic  blockade).  As  blood  volumes  shift 
caudalward  under  -t-C  loading,  from  the  head 
and  thorax  to  the  legs,  human  regulatory 
responses  show  many  similarities  with  changes 
during  standing  (orthostatic  fluid  shifts). 

An  increase  in  plasma  ADH  ( ant i -d i uret i c 
hormone)  levels  is  likely  due  to  this  shift 
in  blood  volume  and  decreased  activation  of 
the  cardiopulmonary  receptors.  The  amount 
of  pulmonary  plasma  volume  lost  is  clearly 
a  function  of  both  the  magnitude  and  the 
duration  of  the  gravitational  force  fields. 

On  the  other  hand,  the  coronary  vessels  are 
not  likely  to  be  distorted  or  obstructed 
mechanically  during  the  ♦G  acceleration 
(frikson  et  al  1976).  ^ 

In  what  follows,  a  simple  preliminary  math¬ 
ematical  model,  based  directly  on  the  true 
physics  of  fluid  flow  in  distensible  vessels, 
IS  proposed  to  predict  the  time-varying  cor¬ 
onary  blood  flow  under  conditions  of  exter¬ 
nal  gravitational  stress.  As  indicated 
above,  a  definitive  model  must  take  account 
of  both  the  passive  and  active  control  of 
the  coronary  circulation.  As  this  active 
component  implicates  the  sympathetic  nerv¬ 
ous  system,  it  is  of  interest  to  examine 
the  possibilities  of  protecting  the  coron¬ 
ary  circulation  against  orav i t at iona 1  stress 
using  both  mechanical  forces  (via  anti-G 
suits)  and  hyperactive  nervous  controls  (via 
external  neuroelectric  stimulation  of  the 
appropriate  nerve  cells). 


The  general  physiological  aspects  of 
human  response  to  gravitations!  loading 
have  been  summarized  in  a  review  article 
by  Collins  et  al  (1967).  Two  categories 
of  cardiac  pathology  resulting  from  human 
exposure  to  (caudalward)  gravitational 

stress  may  be  ^delineated:  a)  subendocard¬ 
ial  hemorrhage,  and  b)  stress  cardiomyo¬ 
pathy  (myocardial  cellular  damage  and  necr¬ 
osis  and  myofibrillar  degeneration). 

Human  exposure  to  the  latter  could  potent¬ 
ially  be  of  greater  functional  significance. 
Both  general  categoriea  will  be  consider¬ 
ed  in  this  paper,  as  well  as  proposed 
means  of  mitigating  their  effects  on  air¬ 
craft  pilots  of  high  performance  fighters. 

Human  exposure  to  high  levels  of  accel¬ 
eration  (3  -  15  G)  results  in  direct  mech¬ 
anical  effects  (caudalward  shifting  and 
distortion  of  the  heart  and  blood  volumes). 


Operation  of  both  modes  of  protection  may 
be  considered  simultaneously  and  will  invol¬ 
ve  state-of-the-art  and  yet  to  be  developed 
knowledge  of  both  aspects  through  the  appl¬ 
ication  of  an  intelligent  and  inventive 
combination  of  theory  and  experiment.  The 
purpose  of  this  paper  is  to  challenge  the 
reader  to  consider  such  new  perspectives. 

2.  A  MODEL  FOR  THE  CORONARY  CIRCULATION 

The  coronary  circulation  aupplles  the  heart 
muscle  and  myocardial  cells  with  oxygen  and 
nutrients.  Coronary  blood  flow  closely 
parallels  myocardial  oxygen  demand  as  heart 
work  increaaea  or  decreases.  Coronary  vaso¬ 
dilation  during  myocardial  hypoxia  may  re¬ 
sult  from  the  direct  effect  of  interstitial 
oxygen  tension  on  vascular  smooth  muscle  or 
may  involve  an  intermediate  link  such  as 
adenosine . 


18-2 


2.1  forofiijry  Tirculation  under  +0^  Stress: 

Blood  flow  in  the  coronary  circulation  may 
tend  to  decrease  under  prolonged  and  suff¬ 
iciently  high  +C  stress  (laughlin  1986). 

If  that  blood  flow  is  no  longer  sufficient 
to  satisfy  the  demands  of  the  myocardium 
for  oxygen,  then  only  a  few  compensatory 
mechanisms  can  be  marshalled  to  preserve 
the  viability  of  the  myocardial  cells. 

These  mechanisms  may  include: 

(i)  recruitment  and  dilation  of  the 
coronary  vessels,  and 

(ii)  consumption  of  glycogen  stores 
and  of  blood  oxygen  dissolved  in  the  inter- 
stitial  fluid  of  the  coronary  vasculature. 

(iii)  modulation  or  cessation  of  active 
myocardial  contraction.  These  mechanisms 
are  capable  of  a  combined  augmentation  of 
coronary  blood  flow  five  to  sixfold.  The 
aortic  pressure  observed  at  heart  level 
actually  increases  with  increasing  grav¬ 
itational  force,  confirming  the  function 

of  peripheral  vascular  compensatory  mech¬ 
anisms.  Such  an  increase  in  aortic  press¬ 
ure  levels  would  raise  the  proximal  coron¬ 
ary  blood  pressure  and  also  tend  to  modul¬ 
ate  the  otherwise  larger  fall  in  the  cor¬ 
onary  blood  flow  during  this  type  of  q- 
stress.  On  the  other  hand,  both  cardiac 
output  and  stroke  volume  fall  progressive¬ 
ly  with  increasing  gravitational  force 
'BJomquist  et  a)  1979).  Table  I,  adapted 
from  Blomquist  et  al  (1979),  summarizes 
the  hemodynamic  effects  of  +0  and  +0 
acceleration.  ^ 


TABLE  I  Hcmodynamie  Kfffcts  of  Afcflcratton 


OtitIKI 


♦  7 
-Ifl 
-t.' 


Mmm 


*2  -12 

♦  3  ft 

♦  ft  427 


•l» 


-A 


Kfffvls  of  hrad'Ui  fw'  I  ♦  a.)  *rwl  (f.w>v«'rw  (emviutiotial 
(♦C.l  HI  Ii  fvUifd  liuiir.in  volui>t<^ro  Valxn-*  mu-  ^ 

cKanttr  from  t-uiilrol  (l>4in  from  ttrvilMrrc  <■(  al  l.’OT.  .1181  1 


Several  factors  (Fig.  la)  may  explain  why 
coronary  blood  flow  may  fall  to  inadequate¬ 
ly  low  levels  during  +0  stress: 

a)  activation  of  the  arterial  (car¬ 
otid  sinus)  baroreceptor  reflex  leads 
to  increased  heart  rate  (tachycardia), 
thus  reducing  the  diastolic  interval  for 
coronary  blood  flow, 

b)  increased  myocardial  contractility, 
in  response  to  augmented  myocardial  meta¬ 
bolic  rate  associated  with  tachycardia, 
leads  to  higher  i  n t ramyocar d i a  1  pressures 
(IMP)  causing  e x t r a v ascu  1  a r  compression 

of  the  coronary  blood  vessels. 

c)  activation  of  the  sympathetic 
nervous  system,  in  mediated  response  to 
increased  heart  rate,  may  initially  res¬ 
ult  in  coronary  vasoconstriction  through 
an  increase  in  circulating  levels  of  nor¬ 
epinephrine  and  epinephrine  (see  Fig.  Ib). 

Adequate  coronary  blood  flow  during  grav¬ 
itational  stress  can  only  be  assured 
through  the  functioning  of  the  compensat¬ 
ory  mechanisms  described  earlier  as  a 
means  of  maintaining  sufficient  coronary 
blood  flow  reserve  capacity. 

However,  should  the  gravitational  stress 


exceed  the  human  tolerance  level,  compensa¬ 
tory  mechanisms  will  fail  and  decompensation 
will  occur.  The  cha r ac t e r  i  s t  i  cs  of  decomp¬ 
ensation  are  progressively  falling  nr  zero 
cardiac  output  and  aortic  pressure,  brady¬ 
cardia  and  asystole  (incomplete  systole). 
Myocardial  hypoxia  and  isrheioia  may  ensue. 
Such  a  condition  may  be  accompanied,  or 
preceded  by  loss  of  vision  (lOV)  and/nr  loss 
of  consciousness  » I  OC )  in  pilots  of  high 
performance  military  aircraft  undergoing 
high  ♦G  combat  maneuvers  (fnllins  et  al 
1987).  ' 


figure  la):  Influence  of  +G  on  the 
Coronary  Circulation 


2.2  formulation  of  the  Model  (Passive^ 

The  characteristics  of  this  passive  control 
model  have  been  described  extensively  by 
2hnu  et  al  (1909).  Accordingly,  only  the 
principal  features  will  be  outlined  here. 
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Figure  lb):  Autonomic  nervous  system 

Sympathet  ic/Parasympathet  ir 
Divisions  and  Actions  (Maneb) 

2.2.1  Anatomy  and  properties  of  the 
coronary  circulation 

The  complete  human  coronary  circulation  is 
modelled  as  a  distensible  branching  network 
of  piecewise  rectilinear  vessels  distributed 
within  the  myocardial  wall  of  the  heart. 
Vascular  volumes  have  been  discretized  into 
three  layers  within  the  depth  of  the  myo¬ 
cardium  in  the  ep i car d i a  1 /m i dwa 1 1 /endocard i a  1 
ratios  of 0.83 / 1 / 1 . 1 9  respectively.  The  net¬ 
work  (Fig.  2)  extends  from  the  main  coronary 
artery,  through  the  progressively  narrowing 
and  bifurcating  medium  and  small  arteries 
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and  arteriolest  into  the  capillary  bed. 

Most  models  of  the  coronary  circulation 
stop  here.  Our  model  goes  on  to  include 
the  venous  vasculature,  extending  from  the 
venules,  small  and  medium  veins,  into  the 
large  cardiac  veins  and  coronary  sinus, 
which  empty  primarily  in^o  the  right  atrium. 
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figure  2;  Schematic  representation  of 
the  coronary  vasculature 


The  dimensions  of  the  some  successive 
generations  of  branching  coronary  vessels 
considered  here  have  been  documented  only 
for  the  larger  arteries  and  veins.  To 
fill  in  the  intermediate  gap,  a  principle 
of  local  se  1  f *s  im  i  lar  i  t y  for  the  branch¬ 
ing  of  biological  networks  as  proposed 
by  Petukhov  (1908)  has  been  applied.  Not¬ 
withstanding  the  global  nonlinear  geometric 
character  of  the  branching  vascular  net¬ 
work,  good  accuracy  and  relative  simplici¬ 
ty  are  afforded  through  use  of  a  linear 
principle  of  local  se 1 f -s  im  i  1  a r  i  t y  relat¬ 
ing  the  relative  vessel  diameters  d  of 
successive  k  and  k  ♦  1  th  generations  in 
the  form 


is  taken  to  be  synchronous  with  the 
left  ventricular  cavity  pressure  at 
the  endocardium,  falling  off  to  2ero 
(relative)  pressure  at  the  epicard- 
ium  (Hetneman  et  al  198S  and  Beyar  et 
al  1984,  1987). 

2.2.3  Governing  equations 
The  fluid  and  wall  motions  are  coupl¬ 
ed  through  functional  relations  bet¬ 
ween  transmural  pressure  and  cross- 
sectional  area  of  the  deformable  vessels. 
The  unsteady  qua s i -one-d  imens i ona 1  form 
of  the  fluid  continuity,  momentum  and  the 
wall  equations  are  given  respectively  as: 

Governing  Equations 
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The  three  free  parameters  a.,  a^  sod  a« 
and  the  relative  vessel  diameters  d|^  may 
be  determined  from  measured  data  at^three 
pairs  of  branching  vessels  distributed 
for  example  at  proximal,  medial  and 
distal  positions  within  the  network. 


The  laminar  friction  factor  F  has  been 
based  for  simplicity  on  a  fully  developed 
Poiseuille  flow,  while  G  denotes  a  cons¬ 
ervative  force  field,  expressible  as  the 
gradient  of  a  scalar  potential  6.  For  neg¬ 
ative  values  of  the  transmural  pressure, 
corresponding  to  periods  for  which  IMP 
exceeds  the  intraluminal  pressures,  provi¬ 
sion  has  been  made  for  partial  collapse 
of  the  affected  vasculature. 


2.2.2  Boundary  conditions  imposed  at  the 
proximaJ  and  distal  ends  of  the 
complete  coronary  circulation 
The  imposed  pressure  boundary  conditions 
reflect  the  close  proximity  of:  a)  the  main 
coronary  artery  to  the  aortic  root  at  the 
inlet  to  the  coronary  circulation,  and  b) 
the  fact  that  the  coronary  sinus  and 
Thebesian  and  anterior  cardiac  veins  empty 
into  the  right  atrial  cavity  situated  dist- 
ally  at  the  outlet  of  the  coronary  circul¬ 
ation.  Similarly,  the  time  variation  of 
the  i nt ramyocard ia I  pressure,  which  acts 
externally  to  the  coronary  blood  vessels. 


2.2.4  Numerical  solution  and  results 
A  hybrid  method  of  characteristics  comb¬ 
ined  with  a  two-step  Lax-Wendroff  finite- 
difference  scheme  has  been  used  to  integ¬ 
rate  the  system  of  governing  fluid/wall 
coupled  equations  with  their  boundary 
conditions  in  the  x-t  plane.  The  partial 
differential  equations  are  reformulated  in 
conservative  form  for  this  purpose.  The 
yet  unknown  initial  conditions  may  be  est¬ 
imated  at  the  outset;  these  will  converge 
readily  to  reproducible  values  after  only 
a  few  computed  cardiac  cycles  of  periodic 
flow.  Our  computational  results  for  the 
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passive  control  of  the  coronary  circula¬ 
tion  confirm  that  the  flows  developed  in 
this  vasculature  are  highly  sensitive  to: 

a)  vascular  architecture;  vessel  dia¬ 
meters,  lengths  and  branching  angles,  which 
govern  cor r espond i ng  pressure  drops  across 
the  bifurcations,  and 

b)  vessel  compliance  or  modulus  of  el¬ 
asticity  which  varies  spatially  over  the 
vascular  tree  by  several-fold  under  passive 
conditions,  and  even  more  so  under  active 
control  of  the  vascular  tonus.  Negative 
transmural  pressures  result  in  an  extreme¬ 
ly  high  level  of  vessel  compliance.  Under 
the  e X t ravascu 1  a r  compression  (IMP)  during 
systolic  contraction,  coronary  arterial 
blood  flow  can  fall  nearly  to  zero  in  some 
vessels,  inducing  retrograde  flows  (see 
Hoffman  et  al  (1990). 

In  figs.  3,  ix  and  5  below  are  presented 
illustrative  graphs  (Zhou  1991)  of  the 
passive  variations  of  coronary  blood  pressure 
through  the  vascular  tree  extending  from 
the  coronary  artery  to  the  venous  drain¬ 
age  network. 


Figure  3;  Computed  coronary  epicardial 
blood  pressure  P(x,t) 


Figure  Computed  coronary  midcardlal 
blood  pressure  P(x,t) 

As  a  direct  result  of  the  nonuniform  dist¬ 
ribution  of  both  vascular  density  and 
i  nt ramyoca rd i al  pressure  (IMP)  within  the 
ventricular  wall,  the  pressure  wave  forms 
appear  to  steepen  markedly  as  one  descends 
in  depth  from  the  epicardium  towards  the 
endocardium.  Indeed,  systolic  levels  are 
raised  and  diastolic  pressures  fall  as  one 
proceeds  in  this  direction. 

As  expected,  the  computed  variations  in 
coronary  blood  pressure  tend  to  mirror 


similar  variations  in  the  e x t ravascu 1 ar 
IMP,  the  latter  attaining  its  maximum  level 
at  the  endocardium,  and  falling  off  to  near 
zero  at  the  epicardial  level  during  ventr¬ 
icular  contractions.  As  a  result,  the  sys¬ 
tolic  pressure  levels  progressively  increase 
with  depth  through  the  myocardial  wall. 


Figure  5:  Computed  coronary  endocardial 
blood  pressure  P(x,t) 

From  our  earlier  research  on  pulsatile 
Flows  in  collapsible  vessels  (Collins  1906) 
with  longitudinal  tethering,  it  would 
appear  that  the  restoring  forces  on  exter¬ 
nally  collapsed  vessel  augment  with  increases 
in  longitudinal  tension.  It  can  be  hypoth¬ 
esized  that  the  coronary  arterial  vessels, 
particularly  those  in  the  endocardium,  may 
be  subjected  to  considerable  mechanical 
distortion  and  longitudinal  tension  under 
the  action  of  the  ventricular  contraction 
and  enhanced  IMP.  This  leads  to  substant¬ 
ially  increased  restoring  forces  by  causing 
the  coronary  arteries  to  rebound,  "spring¬ 
ing  open”  abruptly  as  the  IMP  is  released 
upon  diastole;  whereas,  the  compressed  veins, 
with  their  higher  compliance,  cannot  respond 
(re-open)  as  quickly.  During  that  short 
time  interval,  the  suddenly  lowered  arterial 
pressure  created  by  virtue  of  the  almost 
explosive  re-opening  of  the  coronary  arter¬ 
ies  may  generate  a  suction,  drawing  blood 
from  the  veins  into  the  arterial  system.  In 
the  process,  the  diastolic  pressures  fall 
more  rapidly  than  the  systolic  pressures  as 
one  proceeds  from  the  arteries  to  the  veins. 
In  the  endocardium,  they  fall  even  below 
the  levels  observed  in  the  epicardium,  with 
concomitant  rupture  of  small  vessels  (art¬ 
eries  and/or  veins)  and  possible  endocardial 
hemorrhaging.  It  is  logical  to  assume  that 
this  phenomenon  should  be  exacerbated  under 
+C  stress,  which  is  accompanied  by  increased 
heart  rate  and  ventricular  contractions  which 
raise  the  IMP  even  further.  It  will  be 
seen  later  that  this  can  have  important 
consequences  for  myocardial  ischemia  and 
endocardial  hemorrhage  under  high  levels  of 
sustained  gravitational  stress. 

This  effect  is  of  sufficient  interest  in 
itself  to  justify  undertaking  in  the 
future  a  more  detailed  Investigation  of  the 
properties  and  response  of  compressed  cor¬ 
onary  vessels  of  differing  elasticity  and 
longitudinal  stress  under  the  influence  of 
a  strong  and  rapidly  changing  external  (IMP) 
force  field. 

A  typical  computed  midwal)  distribution  of 
coronary  blood  Flow  during  a  cardiac  cycle 
is  depicted  in  Fig.  6  on  the  next  page. 
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Computed  midwall  distribution  of  coronary  blood  flow  during  cardiac  cycle 


Figure  6 : 

One  notes  during  diastole  the  rapid  drop 
in  arterial  blood  flow  near  the  capillaries. 
In  systole,  however,  coronary  blood  flow 
becomes  more  uniformly  distributed  through¬ 
out  the  arteries  and  veins.  This  occurs 
because  arterial  flow  is  diminished  during 
systole  as  arterial  blood  is  squeezed  out 
into  the  veins,  where  flow  rates  attain 
their  maximal  values.  These  rflles  reverse 
during  diastole,  during  which  the  release 
of  IMP  allows  the  arteries  to  open  very 
rapidly,  drawing  back  blood  from  the  veins 
which  tend  to  empty  during  this  phase. 

These  blood  flow  distributions  have  been 
re-plotted  in  Figs,  7  and  8  as  a  function 
of  depth  through  the  myocardial  wall,  and 
viewed  respectively  from  the  endo-  and 
epicardial  sides  of  the  myocardium.  Dur¬ 
ing  systole,  flow  rates  drop  to  minimal 
values  in  the  endocardium  under  the  action 
of  IMP;  whereas,  epicardial  flow  attains 
maximal  values.  During  diastole,  upon 
release  of  the  IMP,  the  compressed  endo¬ 
cardial  vessels  spring  back  open,  creating 
low  pressures  which  draw  blood  back  from 
the  larger  vessels  of  the  epicardial  layer, 
as  the  latter  vessels  lose  blood  volume. 


Figure  7:  Computed  distribution  of  arter¬ 
ial  coronary  blood  flow  within 
myocardial  wall  layers  during  cardiac  cycle 
as  viewed  from  the  endocardial  side 

The  sharply  differing  flow  profiles  between 
the  endocardial  and  epicardial  regions  of 
the  coronary  circulation  are  brought  out 
clearly  in  Fig.  9  which  represents  a  super¬ 
position  (shifted  vertically  for  clarity) 
of  computed  coronary  blood  flow  aa  a 
function  of  time  at  four  wall  depths  rang¬ 


ing  from  the  endocardium  (a),  via  two  near 
midwall  layers  (b)  and  (c),  to  the  epi- 
card i urn  ( d ) . 


figure  8:  Computed  distribution  of  arter¬ 
ial  coronary  blood  flow  within 
myocardial  wall  layers  during  cardiac  cycle 
as  viewed  from  the  endocardial  side 

One  notes  larger  flow  amplitudes  at  the 
endocardium  (a),  diminishing  towards  the 
epicardium  (d),  indicating  that  at  the 
endocardium,  flow  rates  are  higher  in  dia¬ 
stole  and  lower  in  systole  than  their  corr¬ 
esponding  values  at  the  epicardium.  As 
discussed  earlier,  this  effect  is  due  to 
both  a  richer  (denser)  vascularization  and 
a  higher  systolic  IMP  in  the  endocardium, 
causing  larger  ext ravascular  compression 
and  hence  more  greatly  reduced  endocardial 
blood  flow  in  systole.  This  results  in 
faster  vascular  re-openinq  in  order  to 
draw  in  venous  blood  during  diastole. 

However,  this  property  of  the  endocardial 
coronary  vessels  to  shut  down  blood  flow 
80  markedly  during  systole  renders  the 
region  highly  vulnerable  to  ischemia 
during  +0  loading,  and  is  a  likely  factor 
in  the  occurrence  of  myocardial  ischemia 
and  hemorrhaging  in  the  subendocardium  in 
miniature  swine  and  in  humans  exposed  to 
gravitational  atreas. 

One  may  note  in  Figs.  9c)  and  9d),  which 
correspond  to  the  epicardial  regions,  the 
formation  of  notches,  reminiscent  of  the 
**dicrotic  notch"  in  aortic  flow  profiles. 
These  would  normally  indicate  the  presence 


Figure  10:  Total  computed  arterial  flow 

These  flows  represent  the  integration  over 
the  arterial  and  venous  networks,  respect¬ 
ively,  of  all  t*he  blood  flow  in  the  individ¬ 
ual  or  grouped  vessel  segments.  The  net 
computed  arterial  flow  is  observed  to  be 
negative  or  retrograde  during  systole 
(Fig.  10)  as  arterial  blood  is  forced  back¬ 
ward  (Zhou  et  al  1989)  into  the  large 
epicardial  veins  (Fig.  11)  under  the  action 
of  the  extravascular  compression  IMP.  This 
corresponds  to  the  "toothpaste  tube”  squeez- 


Figure  12;  Measured  coronary  blood  flow 
(from  Gregg  &  Sabiston  1956) 

2,3  Formulation  of  the  Model  (Active  Control) 

The  model  proposed  in  §2.2  for  coronary 
hemodynamics  under  passive  control  is  based 
upon  the  fundamental  laws  of  fluid  dynamics 
(continuum  and  momentum  equations  2  and  3) 
for  the  blood  flow,  coupled  with  the  vasc¬ 
ular  wall  equations  A  (involving  wall  elast¬ 
icity  and  eventually  viscoelasticity).  It 
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provides  the  basic  foundation  for  a  more 
generalized  actively  controlled  model, 
accounting  for  the  additional  metabolic, 
nervous  and  hormonal  controls  which  are 
invoked  during  exercise  or  exposure  to 
varying  gravitational  stresses.  These  can 
modify  drastically  the  flow  field  response 
predicted  by  the  passive  model  of  §2.2. 

As  described  briefly  in  foregoing  §1  and  2, 
high  sustained  levels  of  +G  stress  tend 
to  trigger  autonomic  nervous  system  act¬ 
ivity  (to  compensate  for  caudalward  shifts 
in  blood  volumes),  provoking  abrupt  and 
substantial  changes  in  heart  rate  and  out¬ 
put,  vasomotor  activity  and  myocardial 
contractility.  In  the  process,  the  aortic 
pressure  and  metabolic  (Q^-related)  rates 
may  change  significantly. 

Notwithstanding  these  important  physiol¬ 
ogical  complexities,  it  is  in  principle 
very  straightforward  to  generalize  the 
passive  model  to  incorporate  these  active 
con  t  ro  1  s  . 

Referring  back  to  the  governing  equations 
(2)  to  (A)  and  the  associated  boundary 
conditions  on  the  proximal  and  distal 
pressures,  one  has  only  to  modify  the 
following; 

a)  the  vascular  compliances 

in  Eqs.  5-7  (to  reflect  alterations  in 
ANS-induced  vascular  tone), 

b)  the  pressure  boundary  conditions 
at  the  main  coronary  artery  (to  reflect 
changes  in  aortic  pressure)  and  at  the 
right  atrial  cavity  (to  reflect  alter¬ 
ations  in  cardiac  output  dynamics), 

c)  the  intramyocardial  pressure  (IMP) 

(to  reflect  changes  in  myocardial  contract¬ 
ility  induced  by  heart  rate-related  alter¬ 
ations  in  metabolic  rate  ). 

Although  it  has  been  stated  that  it  is 
very  straightforward  to  incorporate  modif¬ 
ications  of  these  three  categories  into 
the  system  of  mathematical  equations  and 
computational  algorithms,  it  is  quite  an¬ 
other  matter  to  formulate  the  required 
modified  expressions  a)  to  c)  above. 

It  is  here  that  a  careful  and  innovative 
analysis  must  be  made  of  the  gravitational 
stress  related  data  available  to  date. 

Where  necessary,  additional  controlled 
experimental  programs  must  be  planned  and 
implemented  to  provide  expressions  for  the 
modified  active  relationships  which  may 
still  be  lacking. 

Although  such  an  experimental  program 
represents  the  present  state-of-the-art  in 
the  field  of  actively  controlled  circulat¬ 
ory  physiology  in  general,  a  crude  prelim¬ 
inary  illustration  is  outlined  below, 
constituting  a  simple  first  step  approxim¬ 
ation  to  bn  idealized  responsr  of  the  cor¬ 
onary  circulation  to  an  exercise  simulation 
drawn  from  Zhou  (1991). 

In  this  illustrative  simulation,  only  the 
main  coronary  arterial  pressure  boundary 
condit*  .n  was  altered.  In  lieu  of  modify¬ 
ing  tl.!  vascular  compliances,  the  cross- 
sections  of  the  coronary  vasculature  were 
altered  directly  by  imposing  a  simplistic 
ad  hoc  functional  multiplier  intended  to 
simulate  the  observed  relationship  between 
elevated  blood  pressure  elicited  by  increas 
ed  metabolic  demands  and  neural  factors  and 
the  substantial  induced  dilatory  effect  on 
the  coronary  vasculature. 


The  measured  response  of  canine  coronary 
blood  flow  to  treadmill  exercise  is  depict¬ 
ed  in  Fig.  15,  as  reported  by  Khouri  et  al 
{ 1965) . 
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figure  13;  Experimental  record  of  treadmill 
exercise  on  coronary  flow  in  a 
dog  (from  Khouri  et  al  1965). 

Using  our  simplified  model  as  a  basis,  the 
heart  rate  was  increased  from  82  bpm  at 
rest  to  16A  bpm  during  exercise,  while  the 
resting  level  aortic  pressure  of  120/80 
mmHg  was  raised  A0%  during  exercise,  as  was 
the  IMP.  The  computed  variations  in  coron¬ 
ary  arterial  pressure  and  flow  rate  are  set 
out  in  Figs.  lA  and  15  respectively. 
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Figure  lA;  Computed  coronary  arterial 
pressure  during  exercise 

The  mean  flow  rate  is  seen  to  double  sim¬ 
ultaneously  with  rising  coronary  arterial 
pressures,  remaining  relatively  stable  from 
6  to  lA  seconds  until  recovery.  Improved 
results  will  be  forthcoming  from  the  model 
upon  incorporation  into  it  of  more  realistic 
relationships  for  alterations  in  vascular 
tone  (or  compliance),  from  which  concomitant 
variations  in  vessel  lumen  may  be  computed, 
instead  of  imposed  as  in  the  case  reported 
here.  Nonetheless,  this  illustration  serves 
to  give  a  preview  of  the  power  of  the  gen¬ 
eralized  model  to  account  for  extremely 
complex  physiological  responses  to  exercise 
and  gravitational  stress. 
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P  iqure  15:  fomputed  coronary  arterial  flow 
rate  during  exercise  (Zhou  199!) 

5.  PROlfCTlVi:  CQUNTERHEASURF.S  AGAINST 
fXPOSURf  TO  GRAVl PAT lONAL  STRfSSFS 

The  current  generation  of  highly  maneuver- 
able  fighter  aircraft  of  the  type  r-19, 
r-15,  P-16  and  f-lR  have  propulsive  power 
so  great  as  to  exclude  the  pilot  from  sub¬ 
stantial  portions  of  their  operational  env¬ 
elopes.  During  aerial  coir.bat  maneuvers, 
aircraft  rates  of  onset  of  acceleration  can 
attain  10  to  15  G  in  under  one  second,  and 
can  be  sustained  at  these  G-levels  for  95 
seconds  or  more.  Ihese  flight  conditions 
are  tnumatic  for  the  pilot  and  aircrei«, 
evoking  simultaneous  loss  of  vision  (lOV) 
and  loss  of  consc iousness  (IOC).  Similar 
levels  of  gravitational  stress  can  be 
expected  during  certain  phases  of  manned 
space  flight  to  Mars  (National  Academy  of 
Sciences  Report  1968,  ed.  Peterson). 

Presently,  pilots  of  combat  aircraft  wear 
an  anti-C  suit  and  engage  in  fatiguing 
continuous  coordinated  straining  maneuvers 
(respiratory  M-1,  etc.,  and  skeletal  mtjscu- 
lar)  in  an  imperfect  attempt  to  maintain 
vision  and  normal  cardiac  function  in  the 

face  of  severe  +G  acceleration. 
z 

In  this  section  will  be  considered  briefly 
the  anti-G  suit  and  e 1 ect rocut aneous  stim¬ 
ulation  of  the  autonomic  nervous  system  ANS 
as  potentially  effective  countermeasures  of 
protection  against  sustained  gravitational 
st  ress  . 

J.l  Anti-G  *>11118  and  their  I  imitations 

An  excellent  review  of  the  subject,  extend¬ 
ing  back  to  the  early  work  in  Germany, 
England  and  the  U.5.  in  the  I9?0‘s  on  the 
development  of  anti-G  protective  suits  has 
been  published  by  Wood  in  1987.  The  clear 
and  unequivocal  conclusion  developed  there 
is  that  inherent  limitations  in  the  very 
concept  of  an  anti-G  suit  render  it  inad¬ 
equate,  even  in  combination  with  currently 
practiced  straining  maneuvers,  and  that  one 
should  rather  consider  re-positioning  the 
pilot  into  a  more  hori?ontal  (preferably 
prone)  position  in  the  cockpit.  The  basic 
ideas  behind  this  conclusion  are  important 
and  merit  to  be  summarized  below. 

The  principle  physiological  objective  in 
designing  an  anti-G  suit  is  to  provide  the 


level  of  arterial  hypertension  at  heart 
level  necessary  to  support  an  arterial 
pressure  at  head  level  sufficient  to  maint¬ 
ain  pilot  vision  and  cnnsc  i  ousness  through¬ 
out  aerial  combat.  In  the  193n*s,  the 
prevailing  concept  was  that  caudalward 
gravitational  stress  exacerbated  pooling 
of  blood,  particularly  in  the  lower  member 
distensible  venous  system,  and  consequently, 
one  should  design  anti-G  suits  to  prevent 
the  presumed  decrease  in  venous  return  to 
the  heart.  However,  subsequent  centrifuge 
studies  (Wood  et  aJ  1996)  indicate  that 
arteriai  pressure,  rather  than  venous  return, 
is  the  major  determinant  of  G  tolerance  in 
the  sitting  position.  This  is  likely  due 
to  the  intervention  of  the  autonomic 
nervous  system  (ANS)  aj  described  in  §l  and 
§2  above,  which  had  not  been  fully  apprec¬ 
iated  in  the  1 9  30 ' s . 

Much  higher  levels  of  G  protection  were 
afforded  by  arterial  occlusion  suits  than 
by  those  purpor  edly  designed  to  promote 
venous  return.  In  fact,  in  1992,  an  auto¬ 
mated  rapid  inflation  valve  air  bladder 
version  was  developed  by  D.  M.  Clark  at  the 
Mayo  Centrifuge  laboratory  (see  Wood  1987). 
This  suit,  incorporating  a  very  rapid  high 
pressure  inflation  of  the  bladder  system 
from  the  ankles  upward  toward  the  abdomen, 
provided  an  average  protection  of  2.1  G, 
which  could  be  increased  to  2.9  G  with  the 
addition  of  2  arterial  occlusive  arm  cuffs. 
However,  the  discomfort  associated  with  the 
operation  of  this  and  slightly  modified 
occlusive  systems  precluded  pilot  acceptance. 
Since  World  War  11,  only  a  less  effective 
(but  more  comfortable)  non  -  progress  i  ve  single 
bladder  system,  incorporated  in^o  a  variety 
of  snug  1 y- f i t ♦  i ng  garments,  has  found  wide 
favor  with  pilots  to  this  day.  This  system 
affords  however  a  protection  of  only  1.9  G. 

With  the  advent  of  the  present  generation 
of  powerful  modern  combat  aircraft,  even  a 
well-trained  fighter  pilot  proficient  in 
respiratory  M-!  etc.  maneuvers  cannot  always 
generate,  while  wearing  an  anti-G  suit  as 
well,  sufficient  levels  of  arterial  press¬ 
ure  at  the  aortic  valve  level  to  prevent 
black-out  . 

That  level  of  arterial  pressure  required 
to  overcome  the  hydrostatic  pressure 
gradient  between  the  heart  and  brain  at 
+  10  G  is  of  the  order  of  some  500  mmHq. 
Below  ‘^that  level,  a  sudden  exposure  to 
♦  in  C  results  in  equally  sudden  cess¬ 
ation  ^of  cerebral  blood  flow,  and  about 
6  sec.  later,  to  loss  of  vision  and  loss  of 
consciousness  in  rapid  succession. 

More  modern  very  high  G  suit  protection 
(eg.  Moore  et  al  1987),  which  may  possibly 
extend  beyond  the  physiologically  limited 
levels  that  can  presently  be  generated  by 
a  pilot,  present  a  potential  danger  of 
card i or i rcu 1  a t o r y  and  respiratory  injury 
associated  with  the  elevated  cardiovascular 
preload  and  afterload  needed  to  generate 
such  protective  levels  of  arterial  pressure 
above  8  to  9  exposures. 

Faced  with  such  physiological  limits  in  the 
tactical  operation  of  present-day  fighter 
aircraft,  Wood  (1987)  concluded  that  it  will 
be  necessary  to  reduce  the  hear t - t o-bra i n 
arterial  pressure  difference  by  re-position¬ 
ing  the  pilot  into  a  reclining  or  preferably 
prone  position  (with  counterwe  ighted  head 
support).  In  the  supine  petition  at  high  G 
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levels,  the  heart  is  exposed  to  -fG  accel¬ 
eration,  leading  to  a  dramatic  dorsalward 
displacement  with  concomitant  severe  over¬ 
distension  of  the  ventral  region  of  the 
lung  ( Wood  1986). 

If  the  associated  substantial  re-design  of 
the  cockpit  required  to  accommodate  a  prone 
disposed  pilot  is  not  presently  practical, 
it  may  be  of  interest  to  consider  a  control¬ 
led  intervention  on  the  autonomic  nervous 
system  of  the  pilot  as  an  alternate  means 
of  providing  enhanced  compensation  for 
caudalward  shifts  in  blood  volume  during 
exposure  to  high  levels  of  +G  acceleration. 
This  radical  approach  is  considered  brief¬ 
ly  in  the  following  section. 


3.2  E  lect rocut aneous  Stimulation  of  the 
Autonomic  Nervous  System 

The  effects  of  +G  stress  on  coronary  blood 
flow  were  outlined  in  §2.1,  with  particular 
reference  to  the  arterial  baroreceptor 
reflex  and  the  autonomic  nervous  system 
(ANS)  as  depicted  in  Fig.  la  and  lb.  It 
is  useful  at  this  point  to  view  the 
control  system  regulating  the  cardiovasc- 
ulai  circulation  within  the  broader  frame¬ 
work  depicted  in  Fig.  16  below: 


Figure  16:  Overall  cardiovascular 
control  system. 

Fig.  16  depicts  the  major  cardiovascular 
control  systems  available  to  humans.  Of 
particular  importance  are  the  receptors 
that  sense  the  variables  to  be  regulated. 
These  sensors  report  their  status  to  a 
coordinating  area  in  the  central  nervous 
system  (CN5)  which  must  then  compare  the 
input  information  with  a  previously  det¬ 
ermined  set  point,  which  is  itself  alter¬ 
able  by  higher  control  centers  for  the 
variable  involved.  Finally,  the  coordin¬ 
ating  centers  issue  their  orders  to 
effectors  which  must  respond  accordingly 
to  produce  the  desired  changes. 

The  baroreceptor  reflex  is  the  best 
known  mechanism  for  arterial  pressure 
control.  A  rise  in  pressure  stretches 
the  ba rorecept or s  (Fig.  17)  and  causes 
them  to  transmit  signals  to  the  CN5 
while  efferent  signals  are  sent  back 
through  the  ANS  to  reduce  the  arterial 
pressure  back  to  normal  levels.  The 
ba ro recept o rs  possess  spray-like  nerve 
endings  lying  within  the  walls  of  the 
arteries  (carotid,  aorta).  The  greate.st 
sensitivity  or  maximum  gain  occurs  over 
normal  ranges  of  blood  pressure.  The 


receptors  do  not  respond  to  pressures  below 
50  -  60  fflmHg  and  are  maximally  activated  at 
a  pressure  of  about  200  mmHq.  In  the  case 
of  increased  arterial  pressure,  the  baro¬ 
receptor  signals  entering  the  brain  stem 
inhibit  the  vasoconstrictor  center  of  the 
medulla  and  excite  the  vagal  center  (Fig. 16) 
The  net  effects  are:  a)  arteriolar  vaso¬ 
dilation,  b)  decreased  heart  rate  and 
c)  venous  system  dilation.  Excitation  of 
the  baroreceptors  by  pressure  in  the  arter¬ 
ies  reflexiy  causes  the  arterial  pressure 
to  decrease.  Similarly,  low  pressure  has 
an  opposite  effect  which  reflexiy  causes 
the  pressure  to  rise  back  toward  its  normal 
level  . 

Baroreceptor  control  is  cited  as  a  principal 
reason  for  the  tachycardia  and  bradycardia 
which  is  clearly  activated  during  exposure 
to  g-stress.  As  mentioned  above,  the  baro¬ 
receptors  respond  to  the  decrease  in  blood 
pressure  initially  observed  during  accel¬ 
eration  stress  by  increasing  the  heart  rate. 
Pilot  straining  techniques,  such  as  the 
M-1  respiratory  maneuver,  then  raise  the 
int rathorac ic  pressure,  to  which  the  baro¬ 
receptor  responds  by  lowering  heart  rate. 

The  carotid  sinus  nerve,  when  sectioned, 
removes  the  tachycardia  response  as  well  as 
the  compensatory  rise  in  arterial  pressure 
during  gravitational  acceleration. 


figure  17:  The  baroreceptor  system 


The  clear  goal  in  increasing  human  tolerance 
to  +C  acceleration  resides  in  preventing 
substantial  falls  in  the  arterial  pressure 
of  the  cardiovascular  system.  In  view  of 
the  physiological  limitations  discussed 
earlier  in  §5.1  in  maintaining  a  500  mmHq 
heart -to-head  pressure  differential  in 
pilots  at  +10  C  ,  rising  to  A50  mmHg  at 
♦15G  ,  by  purefy  mechanical  external 

compfession  (anti-G  suits),  it  is  suggested 
here  that  one  may  wish  to  examine  the  poss¬ 
ibility  of  "intelligent"  countermeasures 
based  on  a  novel  stimulation  or  inhibition 
of  the  reflex  neu rot ransm i ss i on  in  the  ANS 
by  the  generation  of  a  distributed  electric 
field  using  arrays  of  skin-mounted  non 
intrusive  electrodes. 

Such  a  proposition  may  be  fraught  with 
undesired  adverse  responses,  and  in  any 
event  requires  a  precise  knowledge  of  the 
firing  of  the  nerve  fibres  and  the  inter¬ 
action  of  nerve  cells  with  electric  currents 
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A  M&vy  ciear  and  concise  review  of  the  phys¬ 
iological  basis  for  such  interactions  has 
been  set  out  by  Reilly  M988  ).  The  main 
features  of  electrical  excitation  models 
will  be  discussed  briefly  below. 


The  main  functional 
sensory  neuron 


and  the  electrical  potential  is  simply 

“e  =  ^  ^  ^  (9) 

proportional  to  the  potential  difference 

across  the  membrane,  then  an  equilibrium 
will  exist  when  the  total  electrochemical 
potential  across  the  membrane  (W^)  =  0. 

That  point  of  t ransmembrane  equilibrium 

W,  =  0  =  RI  In  i  I  r  M  (101 

defines  the  transmembrane  potential 
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Figure  18:  Sensory  neuron  components 

Information  is  transmitted  in  the  direct¬ 
ion  indicated  by  the  arrows.  Neural 
signals  are  propagated  across  the  synapses 
(gaps)  via  chemical  neu ro t r ansm  i  1 1 e rs 
and  elsewhere  by  membrane  depolarization 
(see  Fig,  20).  The  neurons  are  covered 
with  a  fatty  layer  of  insulation  called 
myelin,  and  have  unmyelinated  (exposed) 
nodes  of  Ranvier.  The  conducting  portion 
of  the  neuron  is  a  long  hollow  structure 
known  as  the  axon.  The  combination  of 
axon  plus  myelin  wrapping  is  referred  to 
as  a  nerve  fibre.  Nerve  impulses,  called 
action  potentials  (AP)  propagate  from  one 
of  a  variety  of  specialized  receptors, 
such  as  the  baroreceptors  described  above, 
and  proceed  to  a  synapse  in  the  spinal 
column.  Communication  across  the  synapses 
is  assisted  fay  chemical  substances  known 
as  neuro transmitters. 

The  cell  bodies  (see  f iq.  10)  are  bounded 
by  very  thin  membranes,  about  8-nm  thick. 

F  lec t rochem  i  ca 1  forces  across  the  membrane 
help  regulate  chemical  exchanges  between 
the  cell  contents  (plasm)  and  the  outer 
interstitial  fluid.  These  two  fluids 
contain  different  ions  of  differing 
concentrations  which  set  up  electrochemical 
force  gradients  across  the  cell  membrane. 
The  sem  i -pe rmeabl e  membrane,  basically  a 
dielectric  insulator,  permits  a  controlled 
ionic  interchange  in  a  selective  manner 
(Fig.  19).  An  active  metabolic  pump  drives 
particular  ions  into  and  out  of  the  cell. 
The  transmembrane  potential  difference  is 
about  -90  mv ;  the  inside  is  negative  with 
respect  to  the  outside. 

The  work  required  to  move  a  mole  of  ionic 
species  5  across  the  membrane  depends  on 
the  total  electrochemical  potential  diff¬ 
erence,  which  is  the  sum  of  the  concentr¬ 
ation  and  electrical  potentials  W  and  W 
respect  i  v e 1 y .  ^ 


which  is  known  as  the  Nernst  potential. 


Inside  of  cdl  Membrane  Outside  of  cell 


F iQute  I9t  Schematic  of  a  cell  membrane 

In  the  Fig.  19  above  it  is  seen  from  the 
magnitudes  and  the  signs  of  the  potentials 
shown  that  a  strong  electrochemical  force 
tends  to  drive  Na"^  into  the  cell,  while  a 
relatively  weaker  force  tends  to  drive  K 
out  of  the  cell.  A  state  of  equilibrium 
would  eventually  be  reached  were  it  not  for 
the  action  of  the  sodium  pump,  an  active 
system  fuelled  by  the  metabolism  of  the 
cell,  which  works  in  the  opposite  direction, 
tending  to  maintain  the  disequilibrium. 

The  conductivity  of  this  excitable  cell  is 
closely  related  to  membrane  field;  disturb¬ 
ances  from  the  equilibrium  state  can  alter 
dramatically  the  electrical  properties  of 
the  membrane,  and  thereby,  the  functional 
responses  of  nerve  fibre  transmission. 

The  resulting  change  in  membrane  voltage  V 
will  also  affect  adjacent  portions  of  the 
membrane,  and,  in  a  nerve,  will  propagate 
as  a  nerve  impulse.  The  response  of  the 
excited  membrane  is  known  as  an  action 
potential .  The  membrane  voltage  change, 
the  membrane  conductance  and  the  various 
and  total  ionic  currents  can  be  calculated 
as  functions  of  time  during  the  propagation 
of  an  action  potential  (Reilly  1988)  for 
both  the  Hodqk  in- Hux  1  ey  membrane  (unmyel¬ 
inated  nerve  cells)  and  F rankenhaeuser- 
Huxley  membrane  (generalized  to  myelinated 
nerve  cells). 


Since  the  concent ra t i on  potential  W  is 

proportional  to  the  difference  of 

the  logarithm  of  the  concentration  (S) 


=  RT(ln(S)j-  ln(S)^) 


RT 


(S) 

TTT 


o 


(8) 


The  propagation  of  nerve  impulses  through 
the  generation  of  action  potentials  can 
be  described  briefly  by  referring  to  Fig.  20. 
The  voltage  disturbance  caused  by  a  stim¬ 
ulating  electrode  will  tend  to  decrease  the 
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methbrane  potential  (depolarization)  near 
the  cathode  and  increase  the  potential 
( hy pe r polar izat ion )  elsewhere  alonq  the 
axon  . 


Figure  20:  Propagation  depolarization 
wave  front  along  an  axon 


primary  force  governing  stimulation,  even 
though  current  density  is  perhaps  a  more 
frequently  cited  parameter. 


lb)  Trwwvam 


As  an  example,  consider  (Fig.  20)  that  a 
point  A  on  the  axon  is  depolarized,  causing 
ions  to  move  between  adjacent  points  on  the 
axon.  In  this  way,  the  depolarization 
wave  front  spreads  in  both  directions, 
away  from  the  site  of  stimulation  by  an 
external  electrode. 

After  the  membrane  has  recovered  its 
resting  potential,  it  cannot  be  re¬ 
excited  until  a  recovery  period  has  pass¬ 
ed,  known  as  the  refractory  state  of  the 
membrane.  This  recovery  is  progressive 
as  the  membrane  becomes  partially 
refractory  during  the  recovery  period. 

As  a  refreshing  alternative  to  anti-C 
suits  and  straining  maneuvers  to  mod¬ 
ulate  the  response  of  the  cardiovascular 
system  to  g-stress,  one  may  consider 
the  enormous  variety  of  electrical 
stimuli  of  the  sensory  neurons.  Vastly 
different  stimulation  thresholds  can 
result  from  alterations  in  the  stimulus 
wave-form  or  electrode  configuration 
(Reilly  1988).  These  relationships 
relating  excitation  currents  imposed  by 
external  arrays  of  electrodes  with  the 
properties  and  response  of  the  excited 
tissues  may  be  computed  using  relatively 
straightforward  models,  of  which  a  wide 
variety  exists  in  the  published  liter¬ 
ature.  Although  a  number  of  these 
nonlinear  models  require  a  knowledge  of 
the  current  wave-form  and  density  which 
crosses  the  membrane,  the  myelinated 
fibre  model  of  McNeal  (1976)  does  not. 

The  model  described  by  Reilly  (1988)  is 
an  extension  of  the  McNeal  model,  with 
modifications  to  include  nonlinearities 
associated  with  the  Frankenhaeuser- 
Huxley  myelinated  nerve  membrane  at  each 
of  several  adjacent  nodes.  Additional 
extensions  include  a  test  for  excitation 
based  on  AP  propagation,  the  ability  to 
model  arbitrary  stimulus  wave-forms,  the 
representation  of  stimulation  at  the 
neuron  terminus,  and  the  representation 
of  stimulation  by  uniform  electric  fields. 

Application  of  this  spatially  extended 
nonlinear  nodal  (SENN)  model  by  Reilly  (1988) 
to  e  1  ec t rocut aneous  sensory  stimulation 
has  resulted  in  a  general  determination  of 
the  spatial  distribution  requirements  for 
neural  exc i t a t i on . 

Fig.  21  illustrates  two  bipolar  electrode 
arrangements  for  stimulating  a  nerve  fibre. 
The  electric  field  in  the  medium  is  the 


Figure  21:  Electrode  stimulation  of  a 
nerve  fibre 

The  stimulation  thresholds  can  be  control¬ 
led  through  tailoring  of  the  excitation 
pulse.  A  biphasic  pulse  may  have  a  higher 
excitation  threshold  than  a  monophasic 
pulse  by  reversing  a  developing  AP  that 
was  excited  by  the  initial  phase. 

Accordingly,  it  may  be  of  interest  to 
combine  particular  patterns  of  say 
rectangular  monophasic  const  ant -cur  rent 
stimuli,  symmetric  biphasic  rectangular 
and  sinusoidal  stimuli  to  achieve  the 
desired  thresholds  with  respect  to  the 
level  of  g-stress  exposure  and  its  duration. 

Thresholds  are  most  elevated  when  the  pulse 
is  short  and  the  current  reversal  immediate¬ 
ly  follows  the  initial  pulse.  Below  40  Hz, 
thresholds  rise  for  sinusoidal  stimulation. 

At  low  frequencies,  the  slow  rate  of  change 
prevents  the  membrane  from  building  up  a 
depolarization  voltage  because  of  membrane 
leakage.  In  contrast,  no  upturn  in  thresh¬ 
old  appears  at  low  frequencies  with  square- 
wave  biphasic  stimuli  whose  rate  of  change 
is  not  frequency-dependent. 

According  to  Reilly  (1988),  repetitive 
stimuli  can  be  more  potent  than  a  single 
stimulus,  as  an  integration  of  the  multiple 
pulses  occurs,  either  through  a  reduction 
in  the  threshold  or  through  enhancement  of 
the  response  due  to  multiple  generation  of 
AP's.  These  integrations  take  place  at 
the  membrane  level  and  at  higher  levels 
within  the  CN5,  respectively.  The  thresh¬ 
old  for  a  ?-pulse  stimulus  can  fall  about 
20%  below  that  for  a  single  pulse. 

However,  it  should  be  emphasized  once  again 
that  external  interference  with  the  normal 
firing  response  of  the  autonomic  nervous 
system  under  exposure  to  gravitational  stress 
may  have  both  favorable  and  adverse  effects 
on  the  compensatory  mechanisms  required  to 
maintain  arterial  pressure  and  thus  enhance 
human  tolerance  to  high  sustained  gravity. 

Both  the  favorable  and  adverse  implications 
on  the  ANS  must  be  weighed  very  carefully 
in  formulating  effective  countermeasures 
through  direct  e  1  ect rocut aneous  stimulation 
of  the  nervous  system.  This  will,  in 
itself,  require  a  significant  program  of 
controlled  research.  It  is  suggested  here 
that  8  successful  direct  control  of  the 
ANS  compensatory  responses  to  G-stress 
could  result  in  a  significant  improvement 
over  present  methods  focussed  entirely  on 


18-12 


the  mechanical  control  of  fluid  volume 
shifts  via  anti-G  suits  and  respiratory 
and  muscular  straining  maneuvers,  both 
of  which  appear  to  be  reaching  their 
physiological  limits  within  the  frame¬ 
work  of  the  present  generation  of  highly 
powerful  aircraft  and  launching  systems. 


4.  CONCLUSIONS 

The  field  of  human  cardiovascular  response 
to  gravitational  stress  has  important 
implications  for  both  aviation  physiology 
and  space  travel.  In  both  applications, 
the  technological  means  of  propulsion 
and  guidance  appear  to  be  far  ahead  of 
man's  ability  to  adjust  to  them.  Accord¬ 
ingly,  Man  can  be  viewed  as  the  "weak 
link  in  the  chain",  and  far  more  research 
must  be  devoted  to  the  study  of  human 
adaptation  to  varying  gravitational  force 
f  iel ds . 

As  the  physiological  mechanisms  which 
Man  puts  into  play  in  an  involuntary, 
but  not  always  successful,  effort  to 
"compensate"  for  these  new  environment¬ 
al  conditions  invariably  involve  the 
nervous  system  and  its  complex  inter¬ 
action  with  the  cardiovascular  circul¬ 
ation,  it  is  evident  that  an  important 
by-product  of  such  research  will  be  an 
improved  understanding  of  ca rd i ovascu 1  a r 
physiology  on  Earth.  Such  clinical 
topics  as  chronic  hypertension  are  one 
of  many  potential  beneficiaries  of 
such  future  research  programs. 

In  the  present  work,  we  have  proposed 
a  comprehens  i  ve  model  of  relative 
simplicity  as  a  framework  for  the 
formulation  of  effective  countermeasures 
designed  to  enhance  G-tolerance  of 
combat  pilots  operating  the  present 
generation  of  high  performance  fighter 
aircraft . 
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Somtnaire 

Un  modele  physique  general  traitant  du  comportement  de  I'ecoulement  de  sang  dans  les 
vaisseaux,  est  propose  dans  le  but  de  mieux  comprendre  les  mecanismes  produisant  les  perles 
de  connaissance  observees  chez  les  pilotes  d'avions  de  chasse.  Le  cas  est  6tudi6  en  supposant 
I'action  simultanee  du  coeur  et  des  perturbations  ext6rieures  induites  par  le  mouvement  de 
I'avion.  Ces  dernieres  sont  i  la  fois  d'origine  volumique  et  surfacique.  Les  r6sultats  de  calcul 
montrent  que  sous  certaines  conditions  on  peut  observer  une  limitation  du  debit  de  sang  dont 
I'origine  est  une  modification  du  regime  de  I'ecoulement.  Ceci  conduit  a  proposer  une  hypothese 
selon  laquelle  dans  le  cas  d'une  application  trfes  rapide  du  lacteur  de  charge,  la  perte  de 
connaissance  pourrait  avoir  une  autre  origine  qu'une  hypoxie  cerebrals  due  a  la  fuite  du  sang 
vers  les  membres  inferieurs  du  pilots. 

Lisle  dea  svmboles 


C  ceiente  des  ondes  parietales. 

fz  composante  longitudinals  de  la  force  volumique. 

F  force  volumique  imposes 

M  nombre  sans  dimension  analogue  au  nombre  de  Mach, 
p  pression  hydrodynamique  du  sang 

Pe(z,t)  pression  exterieure  s'exergant  sur  la  paroi  du  vaisseau. 
Ps  perimetre  mouilie 
Re  nombre  de  Reynolds 
S(z,t)  section  du  vaisseau. 

U(z,t)  Vitesse  moyenne  de  I'ecoulement  sanguin 

Vr,  Vz,Ve  composantes  du  vecteur  V 

V  Vitesse  de  I'ecoulement  sanguin 

<j  tenseur  des  contraintes 

I  tenseur  des  contraintes  visqueuses 

e  petit  parametre  adimensionnel 

a(z,t)  fonction  introduite  par  I'integration  des  equations 

xrz  contrainte  visqueuse  de  cisaillement 

TP  contrainte  visqueuse  moyenne  de  cisaillement  e  la  paroi. 


1  -  Introduction 


La  perte  de  connaissance  des  pilotes  d'avions  de  chasse  est  un  phenomene  connu  depuis 
plusieurs  decennies.  Dans  le  cas  d'une  mise  en  acceleration  lente,  son  origine  est  hypoxique. 
En  effet,  sous  Taction  de  la  force  centrifuge  imposee  (virages  acceieres  descendants),  le  sang 
s'accumule  dans  les  territoires  veineux  inferieurs  du  fait  de  la  grande  distensibilite  des 
veines.  Ceci  produit  une  baisse  du  debit  sanguin  cerebral. 

TraveU  •ffaetiit  sons  contrat  D.I.B.T. 
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II  apparait  alors  un  voile  gris,  puis  un  voile  noir  et  6ventuellement  survient  une  perte  de 
connaissance  en  vol  si  les  m^canismes  rdgulateurs  de  la  pression  arterlelle  n'intervlennent 
pas  rapidement.  Le  temps  de  conscience  utile  peut  etre  prolonge  grace  a  I'utlllsatlon  d'un 
pantalon  anti-G. 

Dans  le  cas  ou  le  facteur  de  charge  est  impost  rapidement.  on  observe  une  modification 
sensible  du  syndrome  de  la  perte  de  connaissance.  Le  voile  gris  n'apparait  plus.  La  perte  de 
connaissance  est  instantan^e,  non  reproductible  et  s’accompagne  d'une  amnesie  lacunaire.  La 
question  est  done  de  savoir  si  dans  le  cas  d'une  mise  en  acceleration  rapide  I'explication  d'une 
origine  hypoxique  de  la  perte  de  connaissance  peut  etre  maintenue.  Le  module  que  nous 
proposons  peut  fournir  un  element  da  reponse  sur  le  plan  exclusivement  mecanique.  II  decrit 
I'ecoulement  du  sang  dans  un  vaisseau  dans  le  cas  general  ou  les  actions  du  coeur  et  des  forces 
exterieures  sont  Imposees  simultanement.  11  montre  que  la  nature  des  ecoulements  de  sang  est 
Nee  a  la  celerite  des  ondes  parietales  qui  se  propagent  S  la  parol  des  vaisseaux  et  prend  en 
compte  les  effets  de  revolution  des  contraintes  dans  le  tissu  cerebral. 


2  -  Formulation  math6matiaue 

P  1  Eouations  du  orobleme 

Les  Equations  de  conservation  de  la  masse  et  de  la  quantite  de  mouvement  sont  ecrites  en 
considerant  le  sang  comme  un  fluide  visqueux  et  incompressible: 


div  V  =  0 


(1) 

dV  P  .. 
p  —  =  r  +  di  V  o 
dt 


F  represente  la  force  volumique,  elle  est  une  donnbe  du  probleme.  o  est  le  tenseur  des 
contraintes  qui  s'exprime  en  function  de  la  pression  hydrodynamique  p  et  du  tenseur  des 
contraintes  visqueuses  t. 


o  =  -p.l  ♦t  (2) 


La  donnbe  d'une  loi  de  comportement  associee  a  la  nature  du  fluide  permet  de  relier  les 
contraintes  aux  deformations.  Dans  les  applications,  le  sang  sera  considerb  comme  un  fluide 
newtonien. 

P.2  Hypotheses  simolificatrices 

Le  problbme  elementaire  que  nous  traitons  est  repr6sente  sur  la  figure  suivante.  II  s'agit  de 
rbcoulement  du  sang  dans  un  vaisseau  dbformable.  Le  mouvement  est  du  b  Taction  simultanee 
du  coeur  (bcoulement  puls6),  et  d'un  champ  de  perturbations  produit  par  le  mouvement  de 
Tavion. 


P 


Pe  (z.t) 


axe  de  symbtrie  du  vaisseau 
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Dans  le  module  considere,  ce  champ  de  perturbations  extdrieures  est  constitue  a  la  fols  par  la 
force  volumique  F  qui  est  directement  prise  en  compte  dans  les  equations  et  par  une 
distribution  de  presslon  ext^rieure  que  Ton  repartit  le  long  des  valsseaux  .  II  s'agit  pour  ce 
dernier  point  de  prendre  en  compte  les  Evolutions  du  champ  des  contraintes  au  sein  du  tissu 
cerebral  dues  a  I'application  du  facteur  de  charge.  Les  equations  locales  sont  naturellement 
Ecrites  dans  un  repEre  de  coordonnEes  cylindriques  dans  le  cas  le  plus  gEnEral.  On  suppose 
toutefois  la  symEtrle  de  I'Ecoulement  et  de  la  dEformation  du  tube  par  rapport  E  I’axe  du 
conduit. 

Dans  le  but  d'evaluer  I'ordre  de  grandeur  des  diffErents  termes  des  Equations  precEdentes,  on 
introdult  le  paramEtre  e  rapport  des  vitesses  caractEristiques  dans  les  directions  radiale  et 
longitudinals. 

Si  I'axe  du  vaisseau  peut  etre  considerE  comme  la  direction  privilEglEe  de  I'Ecoulement,  on 
peut  admettre  que  e  est  toujours  trEs  infErieur  E  I'unitE. 


£  = 


Vo 

Uo 


(3) 


On  suppose  de  plus  que  le  nombre  de  Reynolds  rapport  des  forces  d'inertie  aux  forces  de 
viscositE  n'est  pas  trop  grand,  ceci,  afin  de  conserver  I'influence  des  effets  de  viscositE: 


Re  '  =  -^  0(1)  (4) 

2 

pU„ 

Une  Etude  de  I'ordre  de  grandeur  de  ces  diffErents  termes  en  suivant  les  hypotheses  (3)  et  (4) 
permettent  de  dEduire  une  formulation  simplifiEe  des  Equations  gEnErales  (1).  Nous  obtenons; 


|(rVJ  =  0 


p  >  #^rV,V,)  ♦  :^V,V,)  ♦  l^r  v"))  = 

di  or  00  oz 

^  =  ^  =  0  (5) 

*  ae 


Ce  systEme  simplifiE,  montre  qu'en  premiEre  approximation,  la  pression  peut  etre  considErEe 
comme  uniforme  dans  chaque  section.  Pour  les  conditions  aux  limites,  on  suppose  la  symEtrie 
par  rapport  E  I'axe  du  vaisseau,  ainsi  que  I'adhErence  E  la  parol. 

En  considErant  le  mouvement  de  la  paroi  du  vaisseau,  on  montre  aisEment  que  cette  derniEre 
condition  se  traduit  par  la  relation: 


(V,)R  =  f 


(6) 


Les  effets  de  torsion  et  d'Etirement  suivant  z  seront  en  gEnEral  nEgligEs. 
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P  3  Formulation  unidimensionnellfl 

Le  systdme  pr6c6dent  fait  apparaitre  la  faible  dependance  de  r6coulement  par  rapport  aux 
deux  directions  transversales.  II  paratt  done  natural  de  rechercher  une  formulation 
unidimensionnelle  des  ^uations  du  probl^me  (ref:  [2],  [7]).  Celle-ci  est  obtenue  par 
integration  des  Equations  pr6c6dentes  sur  une  section  quelconque  du  vaisseau  S{2,t).  On 
d6finit  la  vitesse  moyenne  de  Itecoulement: 


Nous  obtenons  finalement  le  systeme  d'^uations  unidimensionnelles  suivant: 


at 


+  ^(SU)  =  0 
dz 


/I  ,,dU  ,,290 


ph) 


(8) 


U  et  S  sont  les  variables  principales  du  systeme.  p  est  la  pression  supposee  uniforme  dans 
la  section.  La  contrainte  moyenne  de  cisaillement  a  la  paroi  tp  est  obtenue  par  la  relation; 


2it 

<rT„)Rde 


(9) 


Le  terme  a  qui  apparait  dans  I’equation  de  conservation  de  la  quantile  de  mouvement  (8) 
est  du  a  I'integration  des  termes  non-lineaires.  II  est  defini  par  la  relation  suivante; 


2.4  Hvoothfese  de  fermeture 

Les  inconnues  du  systeme  unidimensionnel  (8)  sont  la  vitesse  moyenne.  la  section  du  tube, 
la  contrainte  la  pression  p  et  le  paramdtre  o.  Soil  5  inconnues  pour  2  equations.  On 
cherche  done  des  relations  supptemertaires  qui  permettent  I’obtention  d'un  systeme 
complet. 

Si  I'on  suppose  le  flukfe  newtonien,  et  que  I'on  se  place  dans  le  cadre  de  I'hypoth^se  (3),  la 
composante  locale  trz  a  pour  expression: 

^rz-M^  (ID 

Les  relations  (9).  (10)  et  (11)  font  apparaitre  que  la  donn6e  d'une  loi  de  profil  pour  la 
composante  de  vitesse  permet  de  calculer  la  contrainte  pari6tale  tp  et  le  param6tre  a. 


On  Introduit  done  une  nouvelle  hypothese  dite  loi  des  profils  semblables  qui  suppose 
I'existence  de  profils  homoth6tiques  pour  loute  section  du  tube  et  d  tout  instant; 


Vj(r.e.2,t)  =  U(i,t).g<i)  (12) 


On  d^uit  de  cette  nouvelle  hypothese  tes  deux  relations  supplementaires  suivantes: 


t 


P  Ps  dP 


a 


2  J  *(P).p.dp 
*0 


(13) 


On  remarque  que  dans  le  cadre  de  l'hypoth6se  (12).  a  est  constant.  II  faut  ^tablir  une 
dernidre  relation  pour  la  pression,  celle-ci  est  obtenue  en  exprimant  la  compatibilite 
entre  le  mouvement  du  fluide  et  le  mouvement  de  la  paroi  du  vaisseau. 

2.5  CouDlaoe  tluide/oaroi 

Les  mouvements  du  fluide  et  de  la  paroi  n'Mant  pas  ind^pendants,  il  est  necessaire  de 
d^finir  une  relation  suppl^mentaire  pour  ('expression  du  couplage  entre  les  propriM^s 
m^caniques  du  fluide  et  de  la  paroi.  Dans  le  cadre  d'une  6tude  quasi-statique,  en 
consid^rant  la  paroi  du  vaisseau  comme  un  milieu  isotrope  et  en  negligeant  les 
d^placements  dus  aux  tensions  axiales,  I'application  de  la  loi  fondamentale  de  la 
dynamique  i  la  paroi  du  tube  conduit  ^  la  ’loi  de  tube*  suivante: 


P-P,  =  K(2)./>  (S/So)  (14) 


Le  coefficient  K  caract^rise  la  rigidity  du  tube  et  la  loi  P  est  une  fonction  fortement  non- 
lin^aire  de  la  section  adimensionnelle.  p-Pe  est  la  pression  transmurale;  dilf6rence  entre 
la  pression  au  sein  de  l'6coulement  et  la  pression  exterieure  s'exergant  sur  la  paroi 
laterals  du  vaisseau. 

Toute  perturbation  du  systdme  4tudi6  va  inivitablement  gdn^rer  des  ondes  de  surface. 
Celles-ci  vont  se  propager  suivant  la  direction  longitudinale  z. 

La  c^l^ritd  de  ces  ondes  pariitales  s'exprime  en  fonction  de  la  pression  transmurale  par  la 
relation  suivante; 


C  (S/Sq)  =  (P*?^ 


(15) 


Le  (wmportement  non-lindaire  exprimd  par  la  loi  P  conduit  &  une  forte  dependence  de  la 
ceierite  par  rapport  e  vetat  local  de  deformation  du  vaisseau.  La  figure  (1)  represente  les 
courbes  P  et  C/100  en  fonction  de  la  section  adimensionnelle.  La  loi  de  tube  qui  est 
representee  a  ete  obtenue  e  ('aide  d'une  fonction  rationnelle  approchant  les  resultats 
experimentaux  de  Kamm  et  Shapiro  [1], 

On  peut  observer  que  pour  une  pression  transmurale  positive,  le  tube  est  dilate  et 
constitue  un  systems  plus  rigide.  II  s'ensuit  que  la  ceierite  des  ondes  de  surface  est 
eievee.  Dans  le  cas  contraire,  oCi  la  pression  transmurale  est  negative,  le  tube  subit  un 
collapsus.  II  est  alors  moins  rigide  et  la  ceierite  des  ondes  associee  e  un  tel  etat  est 
beaucoup  plus  faible  (  ref;  [9],  [10],  [11],  (12]) 
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On  peuf  d6finir  un  regime  d'6coulement  subcrtlique  ou  supercritique  selon  que  la  vitesse 
moyenne  U  est  respecfivement  inferieure  ou  superieure  d  C.  Par  analogie  avec  les 
probl6mes  de  dynamique  des  gaz,  il  peut  etre  utile  de  definir  un  nombre  sans  dimension 
Equivalent  au  nombre  de  Mach: 


M  =  ^  (16) 

Si  Ton  considere  que  la  distribution  de  pression  extErieure  ne  dEpend  que  de  z  et  de  t,  le 
couplage  fluide/paroi  peut  etre  pris  en  compte  simplement  dans  les  Equations  en 
exprimant  le  gradient  de  pression  intErieure  sous  la  forme: 


3p  ^(p-pj 
3^  dz  "ST 


(17) 


Le  systEme  final  que  nous  obtenons  en  introduisant  dans  (8),  les  relations  (13)  et  (17)  est 
le  suivant: 


3  (SU)  =  0 
at  dz 


^  n  ^  „„au  ^  1  3{p-p^ 

X  +  (I  + - 3—  : 

01  Oz  p  oz 


I  3p. 


(18) 


2.6  Forces  extErieures  et  Conditions  aux  limites 

II  apparait  clairement  que  la  connaissance  d'une  distribution  de  pression  extErieure 
Pe(z,t)  permet  le  calcul  de  son  gradient  longitudinal.  Ce  dernier  est  ensuite  introduit 
comme  terme  source  dans  I'Equation  du  mouvement  lots  de  la  rEsolution  numerique. 

Le  champ  de  forces  volumiques  induit  par  le  mouvement  de  I'avion  n'intervient  dans  la 
modElisation  adoptEe  que  par  la  seule  composante  axiale  f^  qui  est  naturellement  une 
donnEe  du  probleme. 

L'action  du  coeur  est  prise  en  compte  a  I'aide  de  conditions  aux  limites.  Elies  sont  donnEes 
sous  la  forme  de  lois  analytiques  approchEes  dEpendantes  du  temps  E  I’entrEe  et  E  la 
sortie  du  systEme.  A  I'entrEe  est  considErEe  la  pression  intravasculaire  carotidienne  et  E 
la  sortie,  il  s'agit  de  la  pression  intravasculaire  avant  le  lit  capillaire.  Pour  la  condition 
d'entrEe  I'exploitation  des  rEsultats  expErimentaux  issus  de  la  bibliographie  a  permis 
d'obtenir  I'approximation  suivante  du  signal  de  pression: 


p(mm  Hg)  -  Pdiastoij  +(P5ysiole  '  P(liasTOlel’P(l'17z-E(r.Hz))  ( 1 9a) 

oil  Hz  est  la  frEquence  cardiaque  et  E  la  fonction  parlie  entiEre.  la  fonction  F  a  EtE  obtenue 
de  manlEre  approchEe  par  la  mEthode  de  Bernstein 

F(X)-  •367056.2X^‘’+  3760594x‘’-  208921 81. 5x“  +  85288929X'' 

-266991961.5X"‘  +  625286397.6X'’-  1078175292x'*+  1363379124x'’ 

■  1259926746X'%840312278X''  -  3913871 10.4X’®+  116992538X’  (19b) 

-  16338309X‘-2096916X’+  1387608x‘- 251940  x’ 

+  21318  X^  -  1425X’  *  152X^  -  X 


r 
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3  -  Resolution  num^rioue 

Une  technique  num6rique  de  type  volumes  finis  est  mise  en  oeuvre  pour  la  resolution  du 
syst6me  (18).  On  recherche  done  une  6criture  conservative  des  equations  du  probl6me, 
ceci,  afin  de  pouvoir  proc^der  ensuite  a  r  integration  de  ces  dernieres  sur  les  domaines 
cor:stitues  par  chacune  des  mailles  (application  du  th6or6me  de  la  divergence).  Dans  le 
cadre  du  problSme  etudie,  la  non-linearit6  de  la  loi  de  tube  rend  delicate  une  integration 
spatiale  du  gradient  de  pression  transmurale: 


J  dS  pC^  dS 

^  55  S  Sz 


(20) 


Cette  remarque  nous  contraint  ,  lors  de  la  resolution  k  I'instant  (n'fl)At  pour  une  position 
quelconque  du  vaisseau,  k  I'utilisation  d'une  forme  linearisee  de  la  loi  de  tube  autour  d'une 
valeur  connue  k  I'instant  n  At: 


/>(X)-/>(X”)  =  ^1X  =  X").(X-X")  (21) 

oil  X  represente  la  section  adimensionnelle  S/Sq. 

On  en  deduit  une  expression  approchee  de  la  ceierite  de  propagation  des  ondes  parietales: 

C^  =  — ^(X  =  x"l.S  =  ko.S  (22) 
pSo‘^’‘ 


L'introduction  de  cette  expression  dans  le  systeme  (18)  permet  d'obtenir  la  formulation 
conservative  des  equations  recherch6es.  Nous  obtenons  le  systeme  final  approche  suivant, 
ecrit  sous  forme  vectorielle: 


av^dF  3 


C3) 


avec: 


V=i(S,S  U) 

F  =  l(S.U.a.S.u'  +  ^oS^) 

idpe  P,  ,  ,xCdS 
G  =  t(0,  S.(-^  ■  '  •  ’  ■ 

P* 


.f..^,+  (a-l>|^)) 


3.1  Construction  du  schema  numerioue 

Comme  le  montre  la  figure  qui  suit,  I'integration  de  requation  prer6dente  sur  une  cellule 
quelconque  du  maillage  conduit  k  une  nouvelle  equation  vectorielle  qui  met  en  jeu  des 
quantites  moyennees,  sur  le  segment  ei6mentaire  de  la  maille,  ainsi  que  les  flux  de  ces 
quantites  exprimes  aux  interfaces. 


i-1  i 


I 
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Nous  obtenons  pour  une  cellule  quelconque  i: 


3V  = 

AZj  — +  Fi*t-Fi  =  Gi 
dt 


(24) 


Le  systeme  constitue  par  la  relation  vectorielle  precedents  est  un  systems  ouvert  qui  ne 
peut  etre  resolu  directement.  En  effet,  11  met  en  jeu  pour  une  cellule  quelconque  i,  4 
inconnues  (les  deux  composantes  de  Vj  et  Fj+i)  pour  uniquement  deux  equations.  La 
resolution  du  probleme  impose  done  d'introduire  des  relations  suppiementaires.  Ces 
dernieres  qui  detinissent  le  schema  spatial  vont  permettre  de  relier  lineairement  les  flux 
aux  interfaces  e  ceux  exprimes  a  I'aide  des  quantites  moyennees  sur  chaque  cellule.  On 
obtient  done: 


Fi  =  I“,Fi  (25) 
1 


A  la  difference  des  equations  d'Euler.  le  flux  F  n’est  pas  une  fonction  homogene  de  degre  1 
en  V.  Ceci  est  dO  en  particulier  au  caractere  non-lineaire  de  la  loi  de  tube.  Toutefois, 
I'obtention  d'une  forme  conservative  des  equations  nous  a  contraint  precedemment  a  la 
linearisation  de  celle-ci  dans  le  voisinage  de  la  solution  recherchee.  On  peut  done  verifier 
dans  le  cadre  de  cette  approximation  la  relation  suivante: 


F  =  AV 


A  = 


2  I 

•a.U  +2-k  S  2.a.U 
2  0 


(26) 


On  deduit  aisement  d'apres  la  relation  (25)  que  le  flux  exprime  e  I'interface  d'une  cellule 
de  calcul  e  I'instant  (n+1)At  s'ecrit  de  la  maniere  approchee  suivante: 


(27) 


Finalement.  on  constate  que  le  flux  e  I'interface  i  est  relie  lineairement  aux  inconnues 
principales  du  probleme  V  exprimees  au  meme  instant  {n+1)At.  Le  schema  d'integration 
dans  le  temps  est  done  de  type  implicite.  Ce  choix  est  justifie  pour  des  raisons  de 
stabilite 

■1.2  Methode  de  decomposition  des  flux 

L'ecriture  de  la  relation  (27).  conduit  a  introduire  des  schemas  d'integration  spatiale, 
centres  ou  non,  et  dont  la  precision  est  Ii6e  e  la  fois  au  nombre  de  points  choisis  pour 
exprimer  le  flux  F  e  I'interface  et  A  la  valeur  des  parametres  yj. 

Bien  que  tres  largement  utilisees,  ces  methodes  ne  conduisent  pas  e  une  representation 
precise  des  discontinuites  qui  peuvent  etre  observees  dans  les  ecou'ements.  La  technique 
de  decomposition  des  flux  (FLUX  SPLITTING)  que  nous  avons  d6veloppee  s'appuie  sur  les 
resultats  issus  de  la  methods  des  caracteristiques  (ref:  (3),  [4],  [8]).  Elle  permet  une 
adaptation  automatique  de  la  discretisation  en  fonction  des  conditions  locales 
d'ecoulement  rencontrees  .  Les  travaux  de  Sieger  et  Warming  [13]  sont  e  I'origine  du 
d6veloppement  de  ces  m6thodes  num6riques. 


I9F-9 


Le  principe  de  la  m^thode  des  caract^ristiques  est  de  rechercher,  pour  un  systdme  donn6, 
I'existence  de  courbes  du  plan  physique  (z,t)  et  de  d^finir,  le  long  desquelles  certaines  loi 
d'6volution  sont  vdrifiees  (invariants  de  Riemann).  Ces  courbes  sont  appel^es 
caracteristiques.  Dans  le  cadre  du  systeme  de  nature  hyperbolique  que  nous  etudions,  un 
calcul  tr6s  classique  permet  de  montrer  qu'il  exists  deux  families  de  caracteristiques, 
notdes  respectivement  [C-*-]  et  [C~).  La  pente  de  ces  courbes  depend  de  I'etat  local  de 
I'ecoulement.  Nous  avons: 


(^)c-U  +  C  ;  (j)c  =  t/-C  (2«) 

oil  U  represents  la  vitesse  moyenne  de  I'ecoulement  et  C  la  c6ierite  des  ondes  parietales. 
Ainsi,  il  peut  etre  mis  en  evidence  deux  regimes  d'ecoulement  suivant  que  U  est  interieur 
ou  superieur  e  C.  Dans  le  cas  subcritique  {U<C),  la  figure  qui  suit,  montre  que  la  solution 
en  un  point  quelconque  du  plan  physique  depend  e  la  fois  des  etats  consideres  a  I'amont  et 
a  I'aval,  le  long  des  caracteristiques  passant  par  M.  En  effet  les  deux  caracteristiques  C+ 
et  C-  sont  respectivement  de  pente  positive  et  negative.  Dans  le  cas  supercritique,  les 
pentes  des  caracteristiques  passant  par  M  sont  toutes  deux  positives,  de  sorte  que  la 
solution  en  M  ne  depend  que  de  I'amont. 


A  B  z  A 


Ces  considerations  sur  la  maniere  de  rechercher  I'information  en  amont  et  en  aval,  ou  en 
amont  seulement,  conduisent  a  proposer  la  decomposition  suivante:  le  flux  exprime  a  une 
interface  quelconque  est  la  decomposition  d'une  partie  F+  et  d’une  partie  F' 
respectivement  exprimees  en  utilisant  les  etats  amont  et  aval.  Leur  expression  depend  de 
I'orientation  des  caracteristiques  C*  et  C' d  I'interface  consider6e.  Cela  permet  de 
chercher  une  expression  du  flux  e  I'interface  sous  la  forme  suivante: 


Fi  =  ZY„(Fw*„  +  F,'.i-J  (29) 


Cette  relation  introduit  une  decomposition  du  flux  F  en  une  partie  F+  et  une  partie  F': 


F  =  F*+F  (30) 

Celle-ci  est  obtenue  simplement,  en  considerant  la  matrico  diagonals  A  associee  e  A: 

A  =  P.A.P''  (31) 

OU  P  et  P‘l  sont  les  matrices  de  passage  de  la  base  initiale  dans  la  base  des  vecteurs 
propres. 
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La  technique  de  decomposition  des  flu*  que  nous  avons  adoptee,  consiste  a  rechercher  une 
decomposition  de  la  matrice  A  qui  respecte  le  caractere  subcritique  ou  supercritique  de 
I’ecoulement.  En  remarquant  que  les  valeurs  propres  X)  2  sent  aussi  les  pentes  des 
caracteristiques,  on  peut  proposer  la  decomposition  suivante: 

a  =  a‘'+a  (32) 


ou  A+  et  A-  sont  les  matrices  diagonales  respectivement  definies  positive  et  negative 
telles  que  si  X  est  une  valeur  propre  de  A,  alors: 


X  = 


2 


X-- 


(33) 


Oe  la  decomposition  precedente  il  est  aise  de  deduire  une  decomposition  du  flux  F.  Le 
calcul  est  le  suivant: 


F  =  A.V  <=>  F  =  (P.A.P'').V 


<=>  F  =  (P.A  P).  V  +  (P.A  -P).  V 
<=>F^F*  +  F 


(34) 


Par  application  des  relation  (26)  et  (29),  nous  obtenons  un  systeme  algebrique  associe  au 
systems  aux  derivees  partielles  (23).  II  est  de  la  forme; 


M.X  =  Y  (35) 


oil  M  est  une  matrice  tridiagonale  ou  pintadiagonale  par  blocs  suivant  la  precision  du 
schema  que  Ton  choisit.  X  est  le  vecteur  unicolonne  par  blocs  dont  les  composantes  sont 
les  inconnues  V,  I'instant  (n+1).At.  Enfin,  Y  est  le  vecteur  unicolonne  par  blocs 
correspondant  aux  terms"'  connus  explicitement. 


4  -  R^sultats  et  conclusion 

4.1  Calculs  preliminaires 

De  nombreux  tests  numeriques  ont  ete  effectues  pour  tenter  d'analyser  precisement  le 
comportement  du  systeme  fluide/vaisseau.  Nous  avons  signals  precedemment  que  le 
caractere  non-lineaire  de  la  loi  de  tube  influengait  considerablement  I'ecoulement  du  sang 
dans  le  vaisseau,  Ceci  s'explique  par  les  brutales  variations  de  celerite  qui  peuvent  etre 
obtenues  meme  pour  des  variations  de  section  du  vaisseau  extremement  faibles.  La  figure 
(2)  presente  Itevolution  de  la  section  du  vaisseau  en  fonction  de  la  direction  longitudinals 
X  ^  difterents  instants  et  pour  le  cas  ou  la  loi  de  tube  s'exprime  Iin6airement  en  fonction 
de  la  section  du  vaisseau.  Pour  cette  application,  on  choisit  le  repos  comme  6tat  initial.  A 
t>0.  on  impose  instantan^ment  au  niveau  du  vaisseau  une  distribution  de  pression 
exterieure,  uniforms,  constants  pendant  touts  la  dur^e  du  calcul. 

Deux  phbnomdnes  sont  observes: 

*  Vers  I'aval  (z>0),  une  onde  de  compression  se  ddplace  dans  le  sens  de  I'^oulement 
sanguin.  Celui-ci  est  lui-mdme  acc^teri.  La  pression  transmurale  varie  dans  le  sens  d'une 
augmentation  de  la  pression  interieure  (ddplacement  vers  la  droite  sur  la  loi  de  tube). 
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•  Vers  I'amont  (z<0),  une  onde  de  detente  se  propage  dans  le  sens  inverse  de  I'ecoulement 
sanguin.  A  son  passage  ta  pression  sanguine  dirninue  de  sorte  que  le  vaisseau  possede  une 
pression  transmurale  negative  et  tend  a  s’ecraser  (deplacernent  vers  la  gauche  sur  la  loi 
de  tube). 

II  convient  de  se  souvenir  que  r4tude  est  monodiniensionnelle  et  que  par  consequent  la 
distribution  spatiale  du  profil  des  vitesses  n'est  pas  considerfee. 

La  c6terite  des  ondes  parietates  6tant  peu  dependante  de  la  section  dans  le  cadre  de  la  loi 
de  tube  utilis^e,  on  ne  peut  assister  dans  ce  cas  a  un  phenomfene  de  focalisation  des  ondes 
pari6tales. 

Nous  pr6sentons  sur  la  figure  (3)  un  calcul  analogue  obtenu  dans  le  cas  de  la  loi  de  tube 
non-lin6aire  de  la  figure  (1).  On  constate,  dans  ce  cas,  que  les  variations  de  la  celerite  de 
propagation  sont  telles  que  le  regime  supercritique  peut  exister.  C'est  le  cas  ou  lenergie 
introduite  par  les  perturbations  exterieures  ne  peut  se  propager  le  long  du  vaisseau 
suffisamment  rapidement.  II  se  produit  alors  un  collapsus  dynamique: 

II  s'agit  d'un  phenomene  ondulatoire  (peristaltisme  induit)  qui  se  propage  en  avant  et  en 
arri^re  de  la  zone  d'application  de  la  distribution  de  pression  exterieure  Dans  la  partie 
amont  du  vaisseau  apparaft  un  6coulenient  sanguin  A  conlre  courant. 

4  2  Domaine  d'aoolicatinn  du  modele 

La  comprehension  de  la  perte  de  connaissance  du  pilote  de  chasse  liee  a  I'application  d’une 
acceleration  centripete  impose  d'etudier  les  effets  de  I'application  simultanee  d'un  champ 
de  forces  volumiques  aux  composantes  precedentes  du  modele  ie  ecoulement  sanguin 
(conditions  aux  limites  imposees)  dans  un  vaisseau  collabable  sous  I'effet  d'une 
distribution  de  pression.  Les  conditions  aux  extremites  ont  ete  precisees  figure  (4). 

Le  calcul  est  realise  suivant  trois  phases  bien  distinctes; 

1-  La  premiere  conduit  k  I'obtention  du  regime  etabli  d'ecoulement  sanguin  correspondant 
au  fonctionnement  de  la  seule  pompe  cardiaque. 

2  ■  La  mise  en  acceleration,  etape  dans  laquelle  on  superpose  au  fonctionnement  du  coeur, 
un  facteur  de  charge  evolutif  progressivement  etabli  avec  un  taux  d'acceieration  que  I'on 
peut  fixer. 

3-  Enfln,  recrasement  correspondant  au  cas  complet  pour  lequel  on  rajoute  a  la  situation 
precedents  une  distribution  de  pression  exterieure  repartie  sur  la  paroi  laterale  du 
vaisseau.  De  quoi  s'agit  t'il? 

Une  image  approximative,  mais  de  bonne  valeur  explicative,  consists  en  la  representation 
d'un  vaisseau  sanguin  de  I'espace  sous  dural  ecrase  entre  le  plancher  de  la  base  du  crane  et 
des  tissus  encephaliques  sus-jacents  qui  tendent  k  migrer  vers  le  bas  sous  I'effet  des 
forces  volumiques.  Les  grandeurs  prises  en  consideration  dans  notre  modele  sont  done  les 
forces  d'ecrasement  appliquees  k  la  surface  du  vaisseau  et  traduites  en  terme  de 
distribution  de  pression. 

La  realite  physique  r^sulte  en  fait  de  l'6volution  du  champ  de  deformations  (  lie  au  champ 
des  contraintes  par  la  loi  de  comportement)  sous  facteur  de  charge  Cette  evolution 
traduit  les  effets  de  la  pression  intracranienne  et  des  tensions  d'origine  purement 
visqueuse. 

Les  figures  qui  suivent  presentent  les  resultats  obtenus  pour  les  trois  phases  de  calcul: 

1-  La  figure  (5a)  represents  les  lignes  iso-vitesse  k  un  instant  donne  de  la  phase 
transitoire.  La  frequence  cardiaque  est  de  120  bpm.  On  observe  le  mouvement  periodique 
de  I'ecoulement  et  I'augmentation  importante  de  la  vitesse  moyenne  au  passage  de  I'onde 
systolique. 

2-  La  figure  (5b)  presente  les  lignes  iso-vitesse  durant  la  phase  de  mise  en  acceleration. 
On  observe  le  mouvement  global  (deplacement  solide)  de  la  masse  sanguine  jusqu'ei  des 
niveaux  de  vitesse  tres  eieves  (12  m/s). 

3-  Enfin,  recrasement  du  tube  est  represente  sur  la  figure  (5c).  On  observe  la  creation 
d'un  ecoulement  supercritique  suivi  d'un  choc  de  transition  du  regime  supercritique  au 
regime  subcritique.  Le  choc  lui-meme  est  detini  comme  une  discontinuite  de  certaines 
grandeurs  physiques,  dans  le  cas  d'espece  le  regime  des  vitesses  sanguines.  Sa 
localisation  se  situe  au  niveau  de  I'application  de  la  distribution  continue  de  pression.  Les 
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ondes  de  compression  et  de  detente  precedemment  citees  peuvent  alors  apparaitre,  avec 
les  consequences  que  Ton  salt,  refoulement  du  sang  qui  tend  a  etre  pl6ge  en  amont  du 
domaine. 

A  ce  point  de  notre  etude,  seule  une  analyse  locale  a  ete  rapport^e.  Lin  dernier  cas  de 
calcul  presents  est  une  analyse  globale  du  comportement  du  systeme  fluide/vaisseau  du 
sujet.  pendant  toute  la  duree  de  I'appucation  du  facteur  de  charge  sur  une  portion  de 
trajectoire  decrite  par  I'avion.  Les  Svolutions  du  facteur  de  charge  et  de  I'amplitude  de  la 
distribution  de  pression  exterieure  sent  donnees  sur  la  figure  (6),  On  etudie  I’existence 
d'une  relation  entre  I'instant  d'application  du  facteur  de  charge  parametre  selon  la  phase 
du  cycle  cardiaque.  Nous  avons  superpose  sur  la  figure  (7),  les  evolutions  du  rapport  M  de 
la  Vitesse  moyenne  du  sang  sur  la  celerite  des  ondes  parietales.  On  constate  que  si  les 
conditions  sont  telles  que  le  rSgime  supercritique  est  atteint,  il  se  produit  un  choc  qui 
engendre  une  limitation  du  debit,  puts  un  refoulement  du  sang  vers  I'amont. 


L'observation  d'une  modification  de  la  symptomatologie  de  la  perte  de  connaissance  en  vol 
des  pilotes  d'avions  de  chasse  dans  le  cas  oil  le  facteur  de  charge  est  impose  rapidement, 
nous  a  conduit  a  proposer  une  hypothese  differente  de  I'hypoxie:  I'hypertention 
intracranienne  [QUANDIEU  et  all.].  Dans  ce  cadre,  nous  avons  ete  amener  a  developper  un 
modele  physique  permettant  la  representation  de  I'ecoulement  sanguin  au  niveau  cerebral, 
sous  I'influence  du  champ  exterieur.  Ce  modele  s'applique  e  un  conduit  elastique  dans 
lequel  s'ecoule  un  fluide  suppose  newtonien.  Des  equations  monodimensionnelles  ont  ete 
etablies  pour  representer  le  comportement  de  ce  systeme.  L'exploitation  numerique  du 
modele  a  montre  que  sous  certaines  conditions  compatibles  avec  les  situations 
rencontr6es  en  vol,  il  pouvait  apparaitre  un  regime  d'ecoulement  dit  supercritique, 
generalement  instable,  et  immediatement  suivi  d'un  choc  de  transition.  Ce  dernier  est  & 
I'origine  d'un  phenomena  de  limitation  du  debit  sanguin.  voire  de  refoulement  du  sang  vers 
I'amont.  Cette  analyse  mecanique  du  probleme  apporte  done  un  element  de  reponse  qui, 
dans  le  cadre  des  forts  jolts,  plaide  en  faveur  de  I'hypothfese  d'une  hypertension 
intracranienne  produite  par  le  piegeage  d’une  partie  de  la  masse  sanguine  au  niveau 
cerebral. 


Figure  1 


Repr6sentation  de  la  loi  de  tube  (a)  et  de  la  c6l6rit6  de  propagation  des  ondes  parietales  (b)  en 
fonction  de  la  section  adimensionnelle. 


Representation  des  pressions  aux  extremites  du  vaisseau  en  fonction  du  temps 


a  -  EtablissemenI  du  regime  pulse, 


b  -  Action  de  la  force  volumique  f^, 


c  -  Application  d'une  distribution  de  pression  exterieure. 
Figure  S  : 


''9"®®  'S°-''''esse  dans  le  cadre  de  I'application  simultan6e  du  regime  puls6 
(action  du  coeur)  et  du  champ  de  perturbations  ext6rioures  {  forces  volumiques  et  surfaciques). 


Distribution  imposee  de  la  force  volumique  (a)  et  de  I'amplitude  de  pression  exterieure  (b)  en 
lonction  du  temps,  au  cours  de  I'dvolution  de  i'avion  sur  une  portion  de  trajectoire  (virage  accelere 

descendant). 


Evolution  du  nombre  sans  dimension  M  (nombre  de  Mach)  en  fonction  du  temps,  pour  le  champ  de 
perturbations  dterit  sur  la  figure  (6). 
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Abstract 

A  general  physical  model  of  blood  flow  behavior  in  vessels  is  proposed,  to  have  a  better  understanding  of 
mechanisms  which  cause  inflight  loss  of  consciousness  (LOC)  in  fighter  pilots.  The  problem  is  considered  in 
the  situation  when  heart  work  and  external  disturbances  induced  by  aircraft  motions  are 
concomitant.  Disturbances  are  both  volume  and  surface  changes.  Calculations  show  that  under 
certain  conditions  blood  flow  is  limited  due  to  a  change  in  flow  rale.  It  can  then  be  hypothesized 
that  under  the  effect  of  a  sudden  load,  LOC  could  be  caused  by  a  factor  other  than  brain  hypoxia 
resulting  from  blood  pooling  in  the  pilot’s  lower  limbs. 

List  of  symbols. 


C  local  speed  of  parietal  waves, 
fz  axial  component  of  the  volume  force. 

F  volume  force  field. 

M  non-dimensional  number  similar  to  Mach  number, 
p  blood  hydrodynamic  pressure. 

Pe(z,t)  external  pressure  applied  to  the  vessel  wall. 
Ps  perimeter  associated  to  the  vessel  section  S 
Re  Reynolds  number. 

S(z,t)  vessel  section 

U(z.t)  mean  blood  flow  velocity. 

Vr-  V^.Vg  blood  velocity  components. 

V  blood  velocity  vector. 
a  stress  tensor. 

I  viscous  stress  tensor 
c  non-dimensional  parameter  («1) 
a(z,t)  fonction  issued  of  non-linear  term  integration 
shear  component  of  the  viscous  stress  tensor 
Xp  mean  wall  shear  stress. 


1  -  .  Inlrffilmtittn 

Inflight  fighter  aircrew  LOC  is  a  phenomenon  known  for  decades.  Under  slow  onset  acceleration, 
it  is  caused  by  hypoxia  resulting  from  blood  pooling  in  highly  distensible  lower  limb  veins  under 
the  effect  of  the  centrifuge  force  associated  with  descending  fast  turns.  Brain  blood  flow  diminishes, 
associated  with  grey-out.  followed  by  black-out.  and  sometimes  LOC  if  arterial  pressure  regulatory 
mechanisms  do  not  rapidly  set  into  action.  The  useful  time  of  consciousness  can  be  prolonged  by  use 
of  anii-G  suit. 


This  work  has  baan  supportad  by  D.I.E.T. 


If  the  load  is  applied  quickly  the  LOC  syndrome  is  changed.  No  grey-out  develops,  LOC  is  immediate, 
non  reproducible,  and  associated  with  lacunar  amnesia.  The  question  is  to  know  whether  in  the  case 
of  rapid  onset  acceleration,  hypoxia  can  still  be  maintained  as  the  cause  of  this  new  LOC.  The  mode) 
which  is  proposed  here  can  provide  a  partial  answer,  from  a  strictly  mechanical  view.  It  describes 
blood  flowing  in  a  vessel  in  the  general  case  where  the  actions  of  the  heart  and  of  external  forces 
are  concomitant.  It  shows  that  the  nature  of  blood  flow  is  conditioned  by  the  velocity  of  parietal 
waves  which  propagate  up  to  vessel  walls  and  takes  into  account  the  effects  of  changes  in  brain 
tissue  stresses. 


11 _ : _ Mathematical  formulation 

2.1-  Equations 

Mass  and  momentum  conservation  equations  are  described,  considering  blood  as  a  viscous, 
incompressible  fluid: 


div  V  =  0 


(1) 

p  —  =  F  +  01 V  a 
dt 

Where  F  represents  the  volume  force  and  is  a  datum  in  the  problem,  o  is  the  stress  tensor, 
expressed  as  a  function  of  the  hydrodynamic  pressure  p  and  of  viscous  stress  tensor. 


<j  =  -p.l  +  t  (2) 


A  behavior  law  associated  with  the  nature  of  the  given  fluid  can  relate  stresses  to  delorniations. 
In  the  present  application,  blood  will  be  considered  as  a  Newtonian  fluid. 


2.2-  Simnlifviny  hvnotheses 

The  elementary  problem  which  we  arc  processing  here  is  presented  in  the  figure  below  which 
illustrates  blood  flow  through  a  deformable  vessel.  Motion  is  due  to  the  concomitant  action  of  the 
heart  (pul.sed  How),  and  of  a  field  of  distrubances  caused  by  aircraft  motion 


N: 


Gz  (t) 


Vr 

p  =  F(t)  - 


Pe  (z.t) 

w  I  w  V.; 


axis  of  symmetry  of  blood  vessel 

In  this  model,  the  external  field  of  disturbances  is  composed  of  the  volume  force  E.  directly 
included  in  equations,  and  of  external  pressure  distribution  along  blood  vessels.  Stress  field  changes 
caused  by  the  application  of  the  load  have  to  be  taken  into  account  inside  brain  tissue  (Ref:  |S|). 
Local  equations  are  naturally  written  in  a  system  of  cylindrical  coordinates  in  the  most  general  case. 
However,  flow  and  vessel  deformation  are  assumed  to  be  symmetrical  with  respect  to  vessel 
centerline. 

In  order  to  evaluate  the  order  of  magnitude  of  the  various  terms  of  the  above  equations 
parameter  e  is  added  as  the  ratio  of  characteristic  velocities  in  the  radial  and  longitudinal  directions. 
If  the  vessel  centerline  can  be  considered  as  the  favorite  i1ow  direction,  c  can  always  be  considered 
to  be  ,nuch  smaller  than  1. 
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e  =  ^  =  (3) 

Uo  L 

We  also  consider  the  Reynolds  number,  ratio  of  inertial  force  to  viscosity  force,  is  not  too  high,  in 
order  keep  into  effect  the  influence  of  viscosity. 

Re  '  =  -^  0(1)  (4) 

2 

PUo 

A  study  of  the  order  of  magnitude  of  these  different  terms  according  to  hypotheses  (3)  and  (4) 
gives  a  simplified  formulation  of  general  equations  (1).  We  obtain 


dVft  > 


P  J  +  f^rV,V  J  +  -^VeVJ  +  i-(r  v"))  = 

at  ar  ae 

pr<2- 

oZ  of 


*  ae 


(5) 


This  simplified  system  shows  that,  as  a  first  approximation,  pressure  can  be  considered  as 
.iOiform  in  each  vessel  section.  For  boundary  conditions,  symmetry  about  the  axis  vessel  with 
adherence  to  vessel  walls  are  assumed.  Considering  the  motion  of  the  vessel  wall,  this  latter 
condition  is  easily  shown  to  be  expressed  by: 


<V,)a 


aR  Ve 
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Torsion  and  stretching  along  the  r.  axis  are  generally  not  taken  into  consideration. 

2.3-  One-dimensional  formulation 

The  above  described  system  shows  that  flow  is  little  affected  by  the  two  transversal  directions.  It 
therefore  seems  natural  to  try  and  formulate  the  problem  by  a  one-dimensional  equation.  This 
equation  Is  obtained  by  integration  of  the  above  equations  on  any  vessel  section  S(z.t)  (Ref:  |2|.  |3|). 
Mean  flow  velocity  is  defined  as: 


t'(z.i)  =  ^  I  (I  rV^lde  (7) 
■'0 
'n 

And  the  one -dimensional  equation  system  is  given  by  : 


^  n 


f  +  l^(SV)  =  0 

dt  dz 


dU  ,,  UdS  ,,du 


(«) 
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Where  U  and  S  are  the  main  variables  of  ihe  system,  p  is  the  supposedly  uniform  pressure  in  the 
section.  The  mean  shearing  stress  in  the  wall  tp  is  obtained  by: 


P 

•h 


(rT^)Rde 


(9) 


The  term  a  which  appears  in  the  motion  conservation  equation  (8)  results  from  the  integration  of 
non  linear  terms.  It  is  defined  by: 


2,4-  Closure  hvnolhesis 

The  unknowns  of  the  one-dimensional  system  (8)  are  the  mean  velocity,  the  vessel  section,  the 
shearing  stress  tp  .  pressure  p  and  parameter  a.  Given  5  unknowns  for  2  equations.  We  derive  other 

equations,  which  will  provide  a  complete  system.  Under  the  assumption  that  we  are  dealing  with  a 
Newtonian  fluid,  under  the  conditions  of  hypothesis  (3).  the  local  component  is  expressed  as: 


t 


n 


(11) 


Equations  (9),  (101.  (II)  show  that  a  law  of  profile  for  velocity  componem)  Vi  can  be  used  to 
calculate  the  parietal  stress  Xp  and  parameter  a. 

A  new  hypothesis  called  law  of  similar  profiles  is  then  added,  which  assumes  honiolhelic  profiles 
for  any  vessel  section  at  any  instant. 


Vjtr.S.r.l)  =  Utr.D.gt^)  (12) 


Two  new  equations  can  be  derived  from  this  new  hypothesis: 


X 


P 


2aMU  ^dg 
Ps  dP 


>P=1 


a 


(13) 


In  hypoihesis  <I2)  a  is  constant.  A  final  etjuaiion  has  lo  be  written  for  pressure.  It  is  obtained 
writting  the  compatibility  between  fluid  motion  and  blood  vessel  motion. 
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2.5-  Fluid/wall  coupling 

As  fluid  and  wall  motions  are  not  independent,  another  equation  has  to  be  defined  to  express  the 
coupling  between  wall  and  fluid  mechanical  properties.  In  a  quasi-static  analysis,  considering  the 
vessel  wall  as  an  isotropic  medium  and  neglecting  displacements  caused  by  axial  tensions,  the 
application  of  the  fundamental  law  of  dynamics  to  the  vessel  wall  yields  the  vessel  behavior  law. 

P-P,=  K(2)./>  (S/So)  (14) 

Coefficient  K  characterizes  vessel  stiffness,  and  law  P  is  a  highly  non-linear  function  of  the  non- 
dimensional  wall  section,  p-pe  is  the  transmural  pressure,  i.e.  the  difference  between  in-flow 
pressure,  and  the  external  pressure  acting  on  the  vessel  wall.  Any  disturbance  in  the  studied 
system  shall  inevitably  create  surface  waves  which  will  propagate  along  the  longitudinal  axis  z. 

The  velocity  of  these  parietal  waves  is  expressed  as  a  function  of  transmural  pressure; 

c\s/So)  =  ^(p-pJ  (15) 

The  non-linear  behavior  described  by  law  P  creates  a  strong  relationship  between  wave  velocity 
and  local  vessel  deformation.  Figure  (1)  shows  curves  P  and  C/IOO  vs  the  non^imensional  section. 
The  vessel  behavior  law  is  derived  from  a  rational  function  approaching  experimental  results  of 
Kamm  and  Shapiro  ( 1 1. 

In  the  case  of  a  positive  transmural  pressure  the  vessel  is  dilated,  and  forms  a  stiffer  system. 
Surface  wave  velocity  therefore  increases.  In  the  opposite  case  of  negative  transmural  pressure  the 
vessel  collapses,  becomes  less  stiff  and  wave  velocity  decreases  (Ref  |91.  IIO),  IHl,  |121). 

A  subcriiical  or  supercritical  flow  rate  can  be  defined  from  mean  velocity  U.  respectively  lower  or 
higher  than  C.  By  analogy  with  problems  of  gas  dynamics,  it  may  be  useful  to  define  a  non- 
dimensional  number  similar  to  the  Mach  number. 


M  =  ^  (16) 

If  wc  consider  thal  the  external  pressure  distribution  only  depends  on  z  and  t,  the  fluid/wall 
coupling  can  be  simply  taken  into  account  in  equations,  expressing  internal  pressure  gradient  as; 


dp  d(p-p.)  dp. 


(17) 


The  final  system  obtained  with  the  incorporation  of  equations  (13)  and  (17)  into  (8)  is: 


^  +  ^(SU)  =  () 

dt  dz 


dU  .  „  ,  _.,dU  .  1  d(P-P.)  . 


•  p!e 


(18) 
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2.6-  External  forces  and  boundary  conditions 

It  clearly  appears  that  knowledge  of  an  external  pressure  distribution  Pe  (z.t)  makes  calculation 
of  the  longitudinal  gradient  possible.  This  gradient  is  then  inserted  as  source  term  into  the 
momentum  equation  for  the  numerical  s'^luiion.  The  volume  force  field  created  by  aircraft  motion  is 
only  represented  in  this  model  by  the  axial  component  which  is  naturally  a  datum  of  the 

problem. 


The  action  of  the  heart  is  taken  into  consideration  using  boundary  conditions  given  as 

approaching  analytical  laws  depending  on  the  time  at  the  input  and  output  of  the  system.  The  input 

is  the  carotid  intravascular  pressure  and  the  output  is  the  intravascular  pressure  upstream  of  the 

capillary  bed.  Experimental  results  extracted  from  the  literature  yielded  an  approximation  of  the 

pressure  signal  for  the  input  condition: 


p(mm  Hg)  =  Pd,„,olc+(Psyiiolc-  Pd,as.olc)  F(>  Ht-E(LHz))  (19a) 

Where  Hz  is  heart  rate,  and  E  the  integer  pan  function.  Function  F  was  obtained  by 
approximation  using  Bernstein's  method. 


F(X)  =  -367056.2X‘"-  3760594x'‘'- 20892181. 5X "*+  85288929x‘’ 
■26699196I.5X'‘+625286397.6X'*-  I078175292x“‘+  1363379124x‘' 
•  1259926746X'^  +  840312278X"-  391387110.4X’°+  n6992538x’ 

-  16338309X'’-20969I6X’+  1387608x‘' ■  251940  X* 

+  21318  X'*  ■  I425X’+  152X^  -  X 


III-  Numerical  solution 

A  finite  volume  numerical  method  was  used  to  solve  system  (18).  The  equations  have  to  be 
written  in  their  conservative  form  in  order  to  integrate  them  on  each  cell  o!  the  mesh.  In  this 
problem,  the  non  linearity  of  the  vessel  behavior  law  somewhat  complicates  spatial  integration  ot 
transmural  pressure  gradient. 


f^(p-Pc)  _  ^P'^  c)S  _  pC^  f'lS 
dz  ”  Ss  S  5z 


(20) 


To  solve  the  system  at  instant  (n+l)Ai.  for  any  vessel  position,  we  have  to  use  a  linearized  form  of 
the  vessel  behavior  law  around  a  value  known  at  instant  nAt. 


P(X)  P(X")  =  IX  =  X"|  (X  .  x'^ 


(21) 


Where  X  represents  the  non-dimensional  section  S/Sq- 

We  derive  an  approached  expression  of  parietal  wave  propagation  velocity: 


C^  =  — ^-|X  =  X"!.S  =  ko.S 


(22) 
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Conservative  formulation  of  the  wanted  equations  becomes  possible  if  this  expression  is  included 
into  system  (18).  We  obtain  the  final  appraoched  system,  written  in  vector  form. 


with 


dv^ap  ^ 


(23) 


V=t(S.S.U) 

F  =  t(S.U.a.S.U^  +  ykoS^) 


G  —  t  ( 0 ,  S.( — 5— 
pdz 


3.1*  Numerical  scheme 


The  figure  below  shows  that  integration  of  the  above  equation  into  any  cell  of  the  mesh  generates 
a  new  vectorial  equation.  It  involves  mean  quantities  defined  at  cell  centers  as  well  as  fluxes  of 
these  quantities  expressed  on  cell  interfaces. 


i 


U  .  dz  Fj., 


i  +  1 


we  obtain,  for  any  cell  i : 


OV  i  = 

Az- — t+Fi,,-F,  =  Gi  (24) 

dt 

The  system  made  of  the  above  vector  equation  is  an  open  system  which  cannot  be  directly 
solved.  For  any  cell  i,  it  actually  involves  4  unknowns  (the  two  components  of  Vj  and  for  only 

two  equations.  To  solve  the  problem,  additional  equations  have  to  be  used.  These  equations 
determine  the  spatial  numerical  scheme.  They  consist  of  linear  relationships  between  interface 
fluxes  and  fluxes  expressed  by  mean  quantities  for  each  cell.  We  obtain: 

J 


Contrary  to  Euler  equations,  flux  F  is  not  a  homogeneous  first  degree  function  in  V,  due 
essentially  to  the  non-linear  nature  of  the  vessel  behavior  law.  However,  to  obtain  a  conservative 
form  of  equation  we  previously  linearised  this  law,  in  the  vicinity  of  the  expected  solution.  Then  we 
obtain: 


F  =  A  V  (26) 


with 


2.a.U  j 
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We  e«>ily  deduct  from  equation  (25)  that  flux 
instant  (n+l)At  can  be  written: 


expressed  on  the  interface  of  a  calculation  cell  at 


(27) 


Finally,  we  observe  that  flux  at  interface  i  is  linearly  related  to  the  main  unknowns  of  problem  V 
expressed  at  the  same  instant  (n+n^^  The  diagram  of  integration  in  time  is  tb'*'2fore  implicit.  This 
choice  is  justified  for  stability  r  asons. 

3.2-  Fluw  decomposition  method 

Equation  (27)  requires  the  use  o^  spatial  integration  schemes,  centered  or  not,  whose  precision 
depends  both  on  the  number  of  points  chosen  to  express  flux  F  at  the  interface  and  on  the  value  of 

V- 


Although  these  methods  are  extensively  used,  they  do  not  provide  an  accurate  representation  of 
discontinuities  which  can  be  observed  in  flows.  The  fluX  splitting  technique  which  we  developed  is 
based  on  results  yielded  by  the  method  of  characteristics  (Ref  13).  14).  18),  1 13)).  It  permits  automatic 
adaptation  of  dis.;retization  as  a  function  of  local  flow  conditions  the  principle  of  the  method  of 
characteristics  is  to  identify  curves  in  the  physical  plane  (z.t)  along  whic^  evolution  laws,  such  as 
Riemann  invariants,  are  verified.  These  curves  are  called  characteristics.  In  the  studied  hyperbolic 
system,  a  very  classic:»i  calculation  can  evidence  two  families  of  characteristics,  respectively 
identified  as  (€■*■)  and  (C*).  The  slope  of  these  curves  depends  on  the  local  flow.  In  the  case  where 
C”! ,  We  have; 


(|)c-=U  +  C  ;  (2S, 

where  U  repicsents  mean  flow  velocity,  and  C  the  velocity  ■'i  parietal  waves.  Two  flows  at:  then 
identified:  U  lower  or  higher  than  C.  In  the  subciitica)  case  (U<C)  the  figure  ’  elow  shows  that 
solution  in  any  point  of  the  physical  plane  depends  on  conditions  upstream  ami  downsii  ..am  along 

characteristics  passing  through  M.  Characteristics  and  C  have  a  positive  and  a  negative  slope, 
respectively.  Under  supercritical  conditions  (U  >  C)  slopes  of  characteristics  passing  through  M  are 
both  positive,  and  (he  solution  in  M  only  depends  on  upstream  conditions. 


These  considerations  on  how  to  look  foi  infonaation  upstream  and  downoi.'^am,  or  upstream 
only,  lead  to  the  following  splitting  approach  :  flux  expressed  at  any  interface  is  the  spli»  of  pan  of 
F"*"  and  part  of  F",  respectively  expressed  with  respect  to  upstream  and  downstream  condiuv,  s. 

They  depend  on  the  orientation  of  characteristics  and  C  at  the  given  inicrfacc.  The  flux  at  the 
interface  can  then  be  written: 


F,-  ,  J  (29) 

m 
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This  equation  induces  flux  splitting  in  F  into  a  part  F'*'  and  part  F’- 


F  =  F"^+F'  (30) 


This  one  is  easily  obtained,  considering  diagonal  matrix  A  associated  with  A  : 

A  =  P.A.P'‘  (31) 

where  P  and  P  -1  are  transition  matrices  from  the  initial  base  into  the  base  of  eigenvectors. 

The  flux  splitting  technique  was  used  here  to  identify  a  split  of  matrix  A  which  takes  into 
consideration  the  sub-critical  or  super-critical  nature  of  flow.  Observing  that  eigenvalues  X|  2 
also  the  slopes  of  characteristics,  we  can  propose  the  split; 

A  =  a\a  (32) 

where  A"*"  and  A"  are  diagonal  matrices  respectively  defined  as  positive  and  negative,  so  that  if 
2.  is  a  eigenvalue  of  A: 


A  split  of  F  flux  can  easily  be  derived  from  the  above  split; 

F  =  A.V  <=>  F  =  (P.A.P"‘).V 
<=>  F  =  (P.A*.P).  V  +  (P.A  .P).V 
<=>F  =  F*+F 


Applying  equations  (26)  and  (29),  we  obtain  an  algebraic  system,  associated  with  the  system  of 
partial  derivates  (23).  It  is  expressed  as: 


M.X  =  Y  (35) 

where  M  is  a  tridiagonal  or  pintadiagonal  matrix  with  blocks  depending  on  selected  scheme 
accuracy.  X  is  the  single  colum  vector  with  blocks  whose  components  are  unknowns  at  instant  (n 

+  l)At.  Finally,  Y  is  the  single  colum  vector  corresponding  to  terms  explicitely  known. 


IV-  RESULTS  AND  CONCLUSIONS 

4.1-  Preliminary  calculations 

Numerical  tests  have  been  made  to  attempt  to  analyze  with  precision  the  behavior  of  the 
fluid/vessel  system.  We  previously  observed  that  the  non-linear  nature  of  the  vessel  behavior  law 
significantly  influences  blow  flow  in  blood  vessels,  due  to  sudden  wave  velocity  changes,  even  for 
extremely  small  vessel  section  variations.  Figure  (2)  shows  the  changes  in  blood  vessel  section  as  a 
function  of  longitudinal  direction  z  at  different  instants,  and  for  the  case  where  the  vessel  behavior 
law  is  linearly  expressed  versus  vessel  section.  Rest  is  selected  as  initial  slate.  At  t  >0,  a  uniform 
external  pressure  distribution  is  instantaneously  imposed,  constant  over  the  entire  calculation  time. 
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Two  phenomena  were  observed 

.  downstream  (z  >  O).  a  compression  wave  travels  in  the  same  direction  as  blood  flow,  which  is 
accelerated.  Transmural  pressure  varies  with  increased  internal  pressure  (displacement  to  the  right 

on  the  vessel  behavior  law). 

.  upstream  (z  <  O),  a  relaxation  wave  propagates  in  counter  direction  of  blood  flow.  Blood  pressure 
diminishes  so  that  the  vessel  has  a  negative  transmural  pressure  and  tends  to  collapse 

(displacement  the  left  on  the  vessel  behavior  law). 

The  study  is  one-dimensional,  and  therefore  spatial  distribution  of  velocity  profile  is  not  being 

considered. 

As  parietal  wave  velocity  is  little  influenced  by  section  in  the  vessel  behavior  law.  a  phenomenon 
of  parietal  wave  focalisation  cannot  be  observed. 

Figure  (3)  shows  a  numerical  calculation  obtained  in  the  case  of  the  non-linear  vessel  behavior 
law  of  figure  (1).  Here  propagation  velocity  changes  are  observed  to  be  such  that  a  supercritical 
flow  can  develop.  This  is  the  case  where  energy  generated  by  external  perturbations  cannot 
propagate  rapidly  enough  along  the  vessel.  A  dynamic  collapse  is  observed  .  It  is  an  ondulatory 
phenomenon  (induced  peristaltism)  which  propagates  to  the  front  and  the  rear  of  the  area 

concerned  by  external  pressure  distribution  .  A  counter  blood  flow  develops  in  the  upstream  part  of 
the  vessel. 

4.2-  Model  annlication 


To  understand  inflight  LOC  in  fighter  pilots  exposed  to  centripetal  acceleration,  we  have  to  study 
the  effects  of  the  application  of  a  volume  force  field  to  the  above  described  components  of  blood 
flow  (imposed  boundary  conditions)  in  a  collapsible  vessel  under  the  effect  of  pressure  distribution. 
Boundary  conditions  have  been  described  (figure  (4)). 

The  calculation  is  divided  into  three  stages  : 

1.  Blood  flow  rate  is  calculated  to  strictly  conespond  to  hean  pumping. 

2.  Acceleration,  with  superimposition  of  a  load  onto  heart  pumping.  This  load  is  graduably 
increased,  at  an  acceleration  rate  which  can  be  pre-determined. 

3.  Finally,  collapsing,  induced  by  adding  external  pressure  distribution  over  the  blood  vessel  wall. 
How?  an  approximate,  but  illustrative  image  of  what  happens  is  a  blood  vessel  of  the  sub-dural 
area,  crushed  between  the  skull  base  and  underlying  encephalic  tissues  which  tend  to  sink  down 
under  the  effect  of  volume  forces.  Magnitudes  taken  into  consideration  in  our  model  are  crushing 
forces  applying  to  vessel  surface  and  expressed  in  terms  of  pressure  distribution. 


The  physical  reality  results  from  changes  in  the  deformation  field  (linked  with  the  stress  field  by 
the  behavior  law)  under  load.  These  changes  express  the  effects  of  intracranial  pressure  and  strictly 
viscous  tensions. 

Figures  (5)  shows  results  obtained  for  the  three  calculation  stages. 

1.  Figure  (5-a)  presents  axial  velocity  contours  at  a  given  instant  of  the  transient  phase.  Heart 
rate  is  120  bpm.  A  periodic  flow  movement  and  a  high  increase  in  mean  velocity  of  systolic  ware 
are  observed. 

2.  Figure  (5-b)  presents  axial  velocity  contours  during  the  acceleration  onset  phase.  The  overall 
blood  mass  displacement  (solid  displacement)  is  observed  up  to  very  high  velocities  (12  m.s'*). 

3.  The  collapsed  vessel  is  represented  in  Figure  (5-c).  A  super-critical  flow  appears,  followed  by  a 
shock  marking  the  transition  from  super-critical  to  sub-critical  flow  rate.  The  shock  is  defined  as 
discontinuity  of  certain  physical  magnitudes,  here,  blood  flow  rales.  Shock  location  is  at  the  external 
pressure  discontinuity.  Compression  and  relaxation  waves  appear,  with  the  consequences  we  know, 
i.e.  backflow  of  blood  which  tends  to  be  trapped  upstream. 


L 
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At  this  point  of  our  study,  only  a  local  analysis  has  been  reported.  A  last  calculation  is  an  overall 
analysis  of  the  behavior  of  the  pilot’s  fluid/vessel  system,  over  the  entire  application  of  the  load  on 
a  portion  of  the  aircraft  flight  path.  Changes  in  load  and  external  pressure  distribution  are  depicted 
in  figure  9.  We  study  a  possible  relationship  between  the  moment  when  the  load  is  applied  aid  the 
phase  of  the  cardiac  cycle.  Changes  in  ratio  M  of  mean  blood  velocity  to  parietal  wave  velocity  were 
superimposed  onto  figure  10.  We  observe  that  supercritical  flow  conditions  create  a  shock  which  in 
turn  causes  a  decrease  in  blood  flow  a  followed  by  backflow. 

4.3-  Conclusion 

The,  observation  of  a  change  in  the  symptomatology  of  inflight  loss  of  counsciousness  of  fighter 
pilots  exposed  to  rapid  onset  rate  load  led  us  to  suggest  a  hypothesis  different  from  the  thesis  of 
hypoxia:  intracranial  hypertension  (Quandieu  and  Gaffic).  We  developed  a  physical  model  to 
represent  brain  blood  flow  under  the  influence  of  external  factors.  This  model  applies  to  an  elastic 
vessel  in  which  a  fluid  flows  which  is  assumed  to  Newtonian.  One-dimensional  equations  were 
prepared  to  represent  the  behavior  of  this  system.  The  numerical  processing  of  this  model  showed 
that,  under  certain  conditions,  compatible  with  situations  encountered  inflights,  supercritical  flow 
rate  could  develop,  generally  unstable,  and  immediately  followed  by  a  transition  shock.  This 
mechanical  analysis  of  the  problem  provides  a  partial  response  which  for  ROR  acceleration  factors 
the  hypothesis  of  intracranial  hypertension  resulting  from  the  trapping  of  part  of  the  blood  mass 
inside  the  brain. 


Figure  1  : 

Vessel  behavior  law  (a)  and  parietal  wave  velocity  (b)  versus  non-dimensional  section. 


Figur9.3  ; 

Representation  de  la  section  en  fonctlon  de  la  direction  longitudinale  z,  4  des  Instants  successifs, 
dans  le  cadre  d'une  loi  de  tube  non-lineaire  (c.f.  figure  (1)). 
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P‘(t!/P„ 

F,(t)/F„ 
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Distribution  of  the  quantity  M  (similar  to  Mach  number)  versus  time 
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Summary 

Due  to  reports  of  endocardial  hemorrhag¬ 
ing  and  myofibrillar  degradation  in  swines  un¬ 
dergoing  high  sustained  +G,  accelerations,  ques¬ 
tions  arise  a.s  to  the  possibility  of  cardiac  tis¬ 
sue  damage  in  humans  subjected  to  similar 
+Gt  forces.  Non-invasive  cardiological  tech¬ 
niques  used  during  experiments  seem  too  in¬ 
sensitive  to  provide  sufficient  data  to  deter¬ 
mine  the  presence  of  any  localized  cardiac  dam¬ 
age.  In  addition,  these  tests  involve  some  risk 
to  the  subject.  Hence,  there  exists  the  need  for 
a  model  to  predict  possible  tissue  damage  un¬ 
der  high  sustained  +Gi  accelerations.  This  pa¬ 
per  presents  the  development  of  such  a  model 
for  the  analysis  of  +G:  induced  stresses  in  the 
human  ventricle  myocardium.  The  model  is 
based  on  the  finite  element  method  where  the 
effects  of  finite  displacements,  large  strains  and 
non-linear  nearly  incompressible  material  be¬ 
haviour  are  accounted  for.  When  experiments 
cannot  be  justified  the  computational  model 
can  ])rovide  valuable  (piantitative  (gross  dis¬ 
tortions  and  predicted  stresses)  data  on  the  ef¬ 
fects  of  +G!  induced  stresses  in  humans.  Ul¬ 
timately,  the  goal  is  to  provide  some  form  of 
cardiac  risk  assessment  for  pilots  of  high  per¬ 
formance  aircraft. 

1  Introduction 

The  development  of  high  performance  aircraft 
capable  of  providing  substantial  positive  accel¬ 
erations  i+Gi)  has  created  the  need  for  a  bet¬ 
ter  understanding  of  the  adverse  physiological 
responses  that  can  affect  a  pilot’s  judgement. 
This  adversity  ranges  from  the  less  severe  tem¬ 
porary  loss  of  peripheral  vision  to  unconscious¬ 
ness  and,  in  very  severe  cases,  permanent  dam¬ 
age  to  heart  tissue.  For  safety  reasons,  there  is 
considerable  interest  in  the  cardiovascular  sys¬ 
tem  since  it  plays  a  vital  role  in  the  human 


idiysiological  changes  resulting  from  exposure 
to  sustained  +G,  accelerations  (see  references 
[4.  9.  25]). 

Under  the.se  high  -l-Gj  loading  conditions 
the  heart  tissue  will  be  highly  stressed  and 
the.se  +G2  loadings  have  been  found  to  be  as¬ 
sociated  with  abnormalities  of  the  electrocar- 
<liogram  in  man  [24],  as  well  as  subendocar¬ 
dial  hemorrhage  and  pathological  changes  in 
the  myocardial  tissue  of  animal  models  [25]. 
Though  most  researchers  have  assumed  that 
ischemia  is  the  cause  of  the  tissue  damage  [37]. 
detailed  pathological  examination  of  the  ven¬ 
tricle  of  the  swine  has  indicated  tearing  of  the 
heart  fibres  rather  than  damage  consistent  with 
a  hypoxic  or  ischemic  insult.  It  is  probable 
that  the  observed  damage  is  due  to  the  high 
stre.sses,  and  subsequent  strains,  from  a  com¬ 
bination  of  i)  high  -|-Gr  loading  acting  directly 
on  the  heart  fibres,  ii)  the  elevated  hydrostatic 
pressures  in  the  vascidature,  and  iii)  the  stresses 
from  normal  contraction  of  the  heart.  An  anal¬ 
ysis  of  the  heart  under  such  conditions  involves 
both  non-linear  geometric  and  materitd  effects. 
This  paper  outlines  the  development  of  a  com¬ 
putational  finite  element  model  for  the  deter¬ 
mination  of  the  stress/strtiin  state  of  the  hu¬ 
man  left  ventricle  (LV)  and  right  ventricle  (RV) 
myocardium  during  sustained  -l-Gt  accelera¬ 
tion.  The  proposed  mechno-rayocardial  study 
differs  from  previous  works  in  that  in  the  ear¬ 
lier  studies  only  the  passive  diastole  and  active 
systole  cyclic  responses  of  the  heart  were  con¬ 
sidered  in  a  relatively  stress-free  environment, 
for  example  see  [6,  11,  12.  13,  14,  15,  22,  30. 
31,  33,  39). 

The  flexibility  of  the  finite  element  method 
for  dealing  with  complicated  shapes,  and  the 
ability  to  take  into  account  material  and  geo¬ 
metrical  non-linearities  effects  makes  this  tech¬ 
nique  an  ideal  research  tool  for  the  study  of 
the  heart.  In  addition,  with  the  advent  of 
computer-aided  tomography,  in  particular,  Mag- 


iK'tic  Rrsinuuu  o  Iniaging  (MRl)  iUiil  Jata  imag- 
iiig,  accuratf  rccttustructioti  of  the  throe-  (H- 
uictisional  vi‘utii<  ular  shape  is  possilrle  [8,  36]. 
Nevertheless,  there  remain  some  limitations  to 
the  existing  finite  element  models  of  the  left 
and  right  ventricle  nivocardimn  that  must  he 
addressed  [33].  For  example,  even  though  nu¬ 
merous  experimental  studies  have  been  carrie<l 
out  on  the  heart,  there  is  still  considerable 
lack  of  information  on  the  anisotropic  mate¬ 
rial  proiterties  for  constitutive  relations  of  the 
intact  myocardium. 

The  heart  wall  is  composed  of  continuous 
intertwining  myocardial  fibers  following  a  heli¬ 
cal  i)arh.  with  varying  heli.x  angle  (-50  to  +50 
(legs.)  throtigh  the  wall  thickness  [38].  Theses 
complex  fiber  bundles  form  the  left  and  right 
ventricles.  In  essence  the  heart  wall  behaves 
as  a  non-linear  anisotropic  composite  material 
[32].  There  exists  in  the  literature  some  data 
on  the  properties  of  heart  tissue  [34,  35].  How¬ 
ever.  in  recent  years  a  number  of  interesting 
constitutive  relations  for  passive  myocardium 
have  appeared.  These  relationships  are  based 
on  a  pseudo- strain  energy  function,  which  rep¬ 
resents  a  best  jit  of  the  material  parameters  col¬ 
lected  experimentally.  .Nevertlieless,  this  ap¬ 
proximate  set  of  constitutive  relations  provide 
better  predictive  capabilities  than  the  linear 
extrapolation  methods  (see  [19,  20,  21]).  Hence, 
it  is  both  feasible  and  desirable  to  incorporate 
such  a  constitutive  model  into  the  finite  ele¬ 
ment  model. 

For  the  above  reasons,  it  was  decided  that 
a  special  purpose  computer  program  be  devel¬ 
oped  tn-house  for  the  non-linear  analy.sisof  the 
human  ventricles.  This  apitroach  lends  itself  to 


a  much  easier  process  of  moilel  refintuiuuit  as 
newly  available  analysis  techniques  are  devel¬ 
oped  and  material/phy.siological  data  lus  omes 
available.  It  sluudd  also  be  possible  to  piuform 
a  comparison  of  numeric  ally  generated  geomet¬ 
ric  responses  with  those  measured  experimen¬ 
tally  using  ultra-sound  imaging  technicjues  in 
a  centrifuge  [7]. 

Though  the  task  of  performing  a  realistic 
.simulation  of  the  cardiac  response  under  sus¬ 
tained  -pG;  acceleration  is  an  cMiormou.slv  diffi¬ 
cult  task,  progress  over  the  past  two  decades  in 
both  computer/mc’dical  technology  has  reached 
a  sttige  where  a  sufficiently  accurate  computa¬ 
tional  model  of  the*  hcsirt  can  now  he  clc’Vel- 
oped. 

2  Theoretical  Background 

2.1  Kinematics  of  Deformation 

In  order  to  analyse  the  motion  of  a  deformable 
body  eithc'r  a  Lagrangian  (material  /  refercui- 
ti<al)  or  Eulerian  (current  /  spatial)  approach 
may  be  used  [26]  (see  Figure  1  ).  In  this  study, 
the  so  called  Updated  lagrangian  approach  is 
adopted.  In  this  approach  the  reference  frame, 
attached  to  each  element,  moves  with  changes 
in  geometry.  This  corresponds  to  Ihc  spc'  ial 
case  where  i ■  =  t  in  Figure  1.  .■Mternatively. 
if  r  =  0  then  the  Total  lagrangian  method 
where  all  variables  arc  referred  to  the  initial 
configuration  at  r  =  0  would  have  resulted. 
Both  formidations  are  mathematically  csiuiva- 
lent,  however,  one  imiy  possess  some  computa¬ 
tional  advantiiges  cner  the  other  depending  on 
the  problem  under  consideration. 


cutime  t  =r+ar 

Referencx  configuraiicxi 
at  lime  1  =  r 

Figure  1.  Incremental  description  of  deformation 
(with  deformation  gradient:°f]j=bX|'A>xp. 
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2.2  Equations  of  Motion 

Consider  the  Eulerian  differential  field  equa¬ 
tions,  or  more  commonly  referred  to  as  the 
equations  of  motion: 

^  +  pbi  =  pui  (1) 

subject  to  the  prescribed  displacements  ou  the 
boundary  Fj.; 

Ui  =  gi{xJ)  (2) 

and  tractions  on  the  complementary  boundary 

Ti  =  (Tijnj  =  g'(x,t)  (3) 


With  the  following  initial  conditions: 


Ui(X,0)  =  «°(X)  tii(X,0)  =  iV°(X) 

(4) 

For  the  special  case  of  a  body  at  rest  Eq.(l)  is 
referred  to  as  the  equilibrium  equations  with 
u,(x,  t)  =  0  for  all  I  e  B  and  t  6  [0,  oo);  where 
(T  is  the  Cauchy  (true)  stress  tensor,  x{X,  t)  is  a 
vector  of  spatial  coordinates,  (which  is  a  func¬ 
tion  of  initial  material  coordinates  X  and  time 
t),  b  is  the  body  acceleration  vector,  p  is  the 
mass  density  and,  n  is  a  outward  normal  vec¬ 
tor.  Further,  the  indices  i.j  which  range  from 
1  to  3,  denote  the  Cartesian  coordinate  system 
relative  to  a  fi.xed  global  frame.  One  can  also 
consider  the  variational  form  of  the  equilibrium 
equations  with  the  virtual  displacements as; 


Now,  applying  the  divergence  theorem  to  Eq.(5) 
yields: 

Suipb^dU  -f  fiu.UijtijdT  -  ® 

(6) 

In  terms  of  the  virtual  strain  energy: 

J  b:  nb,dQ  -f  J^SuieTijTijdr  -  J  SfijiTijdQ  =  0 

"  (T) 

where  be  is  the  variational  strain  tensor  which 
is  conjugate  to  the  Cauchy  stress.  Due  to  sym¬ 
metry  of  the  stress  and  strain  tensors,  Sfjj  can 
be  written  as: 


6€ij  = 


1 

2 


/dbui  d8uj\ 

V  dxj  dxi  j 


(8) 


The  finite  element  formulation  is  based  on  these 
fundamental  non-linear  continuum  equations 
(equilibrium  and  constitutive)  which  are  ulti¬ 
mately  expressed  in  a  linearized  form  for  nu¬ 
merical  implementation  at  each  incremental  step. 
A  detailed  description  of  the  finite  element  for¬ 


mulation  used  is  given  in  references  [2,  17,  23, 
28].  In  this  approach  the  non-linear  system  of 
equations  are  solved  iteratively  as  a  set  of  lin¬ 
ear  equations  in  each  iteration.  Thus  a  discrete 
load  history  of  the  responses  is  obtained  as  the 
load  is  increased  in  small  steps. 

3  Modeling  and  Analysis  of  the  Human 
Heart 

3.1  Development  Stages  of  the  Human 
Heart  Model 

The  development  of  the  human  heart  model 
can  conceptually  be  broken  down  into  four  dis¬ 
tinct  phases.  (These  phases  pertain  only  to  the 
heart  model  and  not  to  the  theoreticed  devel¬ 
opment,  implementation  and  verification  of  the 
FE  algorithm.)  In  the  initial  phase,  MRI  imag¬ 
ing  data  is  required  for  various  cross-sectional 
planes  of  a  healthy  human  heart,  (see  Fig¬ 
ure  2-1).  In  the  second  phase,  a  3D  model 
of  the  left  and  right  ventricles  during  diastole 
is  reconstructed  from  a  coronal,  sagittal,  and 
transverse  MR!  images  obtained  (Figure  2-2). 
In  phase  3,  an  accurate  3D  finite  element  mesh 
of  the  irregular  geometry  of  the  heart  is  re¬ 
constructed  from  the  imaging  data  (see  Fig¬ 
ure  2-3).  Finally,  phase  4.  which  represents 
the  vast  majority  of  the  work,  involves  the  de¬ 
termination  and  processing  of  +G,  accelera¬ 
tion  induced  stresses  in  the  LV  and  RV  from  a 
non-linear  finite  element  analysis  (Figure  2-4). 
This  phase  should  also  include  a  comparison  of 
the  numerically  generated  deformation  profiles 
with  those  obtained  experimentally,  for  final 
validation  of  the  FE  algorithm  and  the  heart 
model  developed. 

3.2  Geometric  Modeling  Considerations 

An  accurate  description  of  the  human  heart  re¬ 
quires  the  use  of  elements  capable  of  conform¬ 
ing  to  the  irregular  geometry.  For  this  particu¬ 
lar  problem,  such  elements  are  best  developed 
based  on  a  3D  continuum  formulation.  Fur¬ 
ther,  these  elements  must  be  able  to  handle  ar¬ 
bitrary  large  displacements  and  rotations  while 
maintaining  kinematically  admissible  displace¬ 
ment  fields  at  element  interfaces.  Two  such 
element  types  satisfying  these  conditions  have 
been  selected  for  use,  making  them  ideal  for 
problems  involving  geometric  and  material  non- 
linearities  (  see  Figure  3  ).  The  first  is  a  20- 
node  isoparametric  solid  stress  element  [2].  The 
second  is  an  8-node  degenerated  3D  contin¬ 
uum  based  shell  element  [1,  3,  18].  The  20- 
node  solid  element  is  ideally  suited  for  model- 
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Stage  1:  MRI  imaging  of  the 
human  heart,  showing  (la) 
coronal  and  (lb)  sagittal  images 
at  the  end  of  a 

diastolic  phase  (Eiho,  S.  et  al) 


Stage  2.  (la)  3D  clay  model 
constructed  from  (2b)  coronal, 
transverse  and  sagittal  cross 
sectional  shapes  on  different 
planes. 


Stage  3:  Generation  of  a  3D 
finite  element  mesh  of  the 
right  and  left  ventricles.  (3a) 
wireframe  and  (3b)  solid 
representations. 


Stage  4:  Determination  and 
p^osiprocessing  of  *Cz  stresses 
in  the  LV  and  RV  from  a  FEA. 
(4a)  without  and  (4b)  with 
displacements  superimposed. 


Figure  3.  MRI  imaging,  FE  modeling  and  analysis  of  the  human  left  and  right  ventricles. 


ing  of  the  left  and  right  ventricles,  while  the  8- 
node  shell  element  is  used  to  model  the  pericar¬ 
dial  sac.  which  is  a  conical  fibrous  membrane 
surrounding  the  heart  and  proximal  portions 
of  the  cardiac  vessel.  Only  by  including  the 
pericardial  sac  in  the  analysis  will  the  correct 
boundary  conditions  be  realised,  and  aecttracy 
of  the  geometric  model  be  assumed. 

3.3  Using  an  Appropriate  Constitutive 
Relation 

It  is  vital  that  computational  models  devel¬ 
oped  vise  reliable  data  for  the  mechanical  prop¬ 
erties  of  the  heart  tissue.  Recently,  a  number 
of  three-dimensional  constitutive  relations  for 
passive  cardiac  tissue,  undergoing  finite  strain, 
have  appeared  in  the  literature  by  Humphrey 
et  al.  [19,  20,  21].  These  relationships  use 
uni-  and  bi-  axial  experimental  stress-.strain 
data  to  provide  information  for  selecting  best 
fit  parameters  to  construct  a  pseudo-strain  en¬ 
ergy  function,  W.  The  feasiblility  of  introduc¬ 
ing  such  pseudo-strain  energy  functions  into 
the  finite  element  formulation  is  currently  be¬ 
ing  explored.  However,  due  to  the  lack  of  a 
reliable  constitutive  relation  for  modeling  the 
anisotropic  material  behaviour  of  the  human 
heart,  a  non-linear  isotropic  relationship  was 


adopted  in  this  study.  The  constitutive  re¬ 
lation  is  of  the  form  A<r  =  [CjAf.  When' 
the  non-linear  incremental  stress-strain  (Ao- 
Af)  relation,  using  a  linear  Young’s  modulus 
(E)-stress  relationship  to  construct  the  matv'- 
rial  matrix  [C]  is  given  by:  £  =  «  -)-  (xr,,,  Pa. 
where  a  =  4.47  x  10'^  and  b  =  5.056  with  o,,,  be¬ 
ing  the  maximum  myocardial  principal  stress 
[12].  Poisson's  ratio  (i^)  is  taken  e(|ual  to  0.49. 

3.4  Comparison  with  Experimental  Im¬ 
ages 

1  ufortunately,  there  is  very  little  data  avail¬ 
able  on  the  passive  myocardial  tissue  proper¬ 
ties  obtained  from  high  tri-axial  stress  mea¬ 
surements.  Therefore,  it  becomes  necessary  to 
■‘project’’  in  a  rational  manner,  the  properties 
in  the  stress-free  state  to  those  at  high  stress. 
This  approach  evidently  builds  into  the  finite 
element  model  a  measure  of  uncertainty.  A 
heuristic  approach  wovild  be  to  compute  the 
deformed  shape  of  the  heart,  using  projected 
material  properties,  and  compare  the  results 
with  ultra-sound  images  of  the  heart  under 
high  (d-Gj)  loading  [7].  To  bring  about  an  op¬ 
timum  agreement  between  the  experimentally 
obtained  images  and  the  response  of  the  com¬ 
putational  model,  the  assumed  material  prop- 
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(a)  20  node  isoparametric  stress  solid.  (b)  Degenerated  8-node  continuum  based  shell. 
Figure  3.  Continuum  based  isoparametric  elements  used  in  modeling  the  human  heart. 


erties  may  bn  readjusted.  By  using  the  ovit- 
liiicd  procedure,  the  jjos.sibility  of  myocardial 
damage  due  to  excessive  strain.s.  induced  from 
the  contbination  of  high  +G,-  loading  acting 
directly  on  the  heart  fibres  and  elevated  hy¬ 
drostatic  pressures  in  the  vasculature,  tan  be 
determined. 

3.5  Computational  Verification  and  Test¬ 
ing  of  the  Heart  Model 

The  verification  of  the  finite  element  [rrogratti 
developed  w<is  carried  out  in  several  stages. 
The  initial  stages  involved  using  properties  for 
isotropic  engineering  materials,  (e.g.,  .steel  and 
rubher),  to  perform  extensive  tests  on  plates. 

( yliiiilrieal  and  spherical  shell  structures  std)- 
jcrl  to  various  loadings.  In  the  order  of  increas¬ 
ing  complexity,  these  verification  tests  consisted 
of: 

1.  Linear  analysis 

2.  Geometrical  non-linear  analysis 

3.  Materia]  non-linear  analysis 

4.  Material  and  geometrical  non-linear  ;inal- 
ysis 

For  .some  of  these  tests  analytical  results  are 
available  while  for  others  numerical  results  ex¬ 
ist  in  the  literature,  (for  example  [3,  18j).  Such 
information  is  used  to  verify  the  computer  pro¬ 
gram  developed. 


3.6  Pre  and  Post  Processing  of  Mesh 
and  Stress  Data 

In  order  to  develop  a  working  model  of  the  hu¬ 
man  heart  it  is  imperative  that  a  FE  pre  and 
post  processor  with  3D  colour  capabilities  be 
availal)!e.  Such  a  facility  enables  one  to  view 
the  model  its  it  is  being  built.  In  addition,  by 
selecting  various  persjtective  views  and  colour 
coding  elements  one  ran  easily  verify  the  cor¬ 
rectness  of  the  FE  mc.sh  generated,  .Most  im¬ 
portantly,  the  3D  graphies  modeler  enables  the 
post  proressing  of  both  stress  and  displace¬ 
ment  data  in  a  ])ietorial  format  (Figure  2-4). 
In  addition,  ii.siug  colour  stress  contouring  of 
stre.ss  and  strain  fields  the  analyst  is  able  to 
easily  locate  critical  regions  from  the  the  vast 
auiotmt  of  data  generated  during  eaeli  load  in¬ 
crement  . 

Conclusions 

A  computational  model  for  the  analysis  of 
-t-G.  induced  stresses  in  the  human  ventricle 
myocardium  was  presented.  The  model,  based 
on  the  finite  element  method  takes  into  ac¬ 
count  the  effects  of  finite  displacements,  large 
strains  and  the  non-linear  nearly  incompress¬ 
ible  matcritJ  of  the  heart.  Various  aspects  of 
the  heart  models  development  and  the  limi¬ 
tations  of  presently  available  constitutive  re¬ 
lationships  wore  discu-ssed.  However,  when  ex¬ 
periments  cannot  be  justified  on  moral  grounds 
the  computational  model  can  provide  useful 
quantitative  (gross  distortions  and  stresses  ~ 
strains)  data  on  the  effects  of  -t-G.  induced 
stresses  in  human  heart. 
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SUMMARY 


Partial  pressure  assemblies  utilising  an  oronasal  mask,  and  garments 
providing  counter  pressure  to  the  torso  and  lower  limbs  may  be  used  to  provide 
protection  against  a  short  term  exposure  (1-2  minutes)  to  altitudes  up  to  60- 
65,000  feet. 

The  performance  characteristics  of  the  delivery  system  used  in  such 
emergency  exposures  must  be  at  least  as  good  as  that  required  during  routine 
operations . 

Mask  cavity  pressure  of  up  to  80  mmHg  may  be  tolerated  for  a  short  period 
provided  adequate  chest  and  lower  limb  counter  pressure  is  provided. 

When  upper  body  counter  pressure  is  limited  to  the  chest,  then  anti-G  suit 
pressure  should  be  at  least  3  times  the  breathing  pressure. 

Further  “trade-offs"  of  breathing  pressure  and  counter  pressure  against 
absolute  oxygen  pressure  with  the  use  of  gas  mixtures  with  less  than  lOOZ  oxygen 
should  be  defined  by  examining  the  effect  of  these  trade-offs  on  performance, 
and  arterial  gas  tensions  and  cardiovascular  responses. 


INTRODUCTION 


The  next  generation  of  high  performance  aircraft  will  be  capable  of 
sustaining  operations  at  altitudes  in  excess  of  50,000  feet.  The  principal 
physiological  hazards  associated  with  loss  of  cabin  pressure  at  such  altitudes 
are  hypoxia,  decompression  sickness  and  cold.  A  full  pressure  suit  assembly  is 
necessary  if  protection  against  all  three  hazards  is  required  over  a  prolonged 
period.  However  if  the  aircraft  can  descend  promptly  and  rapidly  (within  3-4 
minutes)  to  an  altitude  of  less  than  40,000  feet,  protection  only  against 
hypoxia  is  required.  A  full  pressure  suit  assembly  will  provide  the  ideal 
physiological  protection  but  it  is  bulky,  cumbersome,  impairs  operational 
efficiency  during  routine  flying  with  an  intact  cabin  and  imposes  major  ground 
procedural  problems,  particularly  when  Quick  Readiness  Alert  or  other  rapid 
response  is  required. 

Most  Air  Forces  have  therefore  adopted  positive  pressure  breathing  (PPB) 
combined  with  partial  pressure  garments  at  altitudes  in  excess  of  50,000  feet  to 
provide  short-term  or  "get-you-down"  protection  against  hypoxia.  Partial 
pressure  garments  are  required  to  combat  the  undesirable  physiological 
disturbances  produced  by  PPB  but  in  order  to  exploit  the  advantages  of  the 
partial  pressure  approach  (less  restriction  when  inflated  and  uninflated, 
greater  routine  comfort  and  lower  thermal  load)  it  is  desirable  that 
counterpressure  should  be  applied  to  the  minimum  area  of  the  body.  Thus  the 
design  of  garments  represents  a  compromise  between  ideal  physiological 
requirements  and  functional  convenience.  In  addition  since  the  protection 
against  hypoxia  using  a  partial  pressure  assembly  is  required  for  only  a  short 
period  of  time  during  emergency  descent,  some  compromise  in  the  level  of 
alveolar  partial  pressure  of  oxygen  which  is  required  in  the  steady  state  is 
also  acceptable.  It  is  the  Interaction  of  the  deleterious  effects  of  mild 


hypoxia  with  the  undesirable  consequences  of  positive  pressure  breathing  which 
determines  the  admissable  concession  to  the  ideal  level  of  oxygenation. 

The  practical  compromises  which  may  be  applied  to  partial  pressure 
assemblies  for  altitude  protection  are  described  in  this  paper. 

THE  OXYGEN  DELIVERY  SYSTEM 


The  performance  of  an  optimum  oxygen  system  even  for  "get-you-down" 
equipment  should  be  such  that  it  maintains  an  adequate  partial  pressure  of 
oxygen  within  the  alveoli  whilst  imposing  minimal  physiological  stress.  This 
physiological  stress  applied  by  an  oxygen  delivery  system  at  cabin  altitudes 
below  40,000  feet  (when  PPB  is  not  required)  is  generally  generated  by  the 
impedance  of  the  breathing  devices  and  limitations  in  the  flow  capacity  of  the 
demand  regulator  and  has  been  well  described  elsewhere  (Ref  1).  These 
recommended  minimum  standards  must  be  maintained  when  pressure  breathing  is 
delivered  so  that  the  undesirable  physiological  effects  produced  by  the  raised 
intrathoraclc  pressure  are  not  augmented  by  cardlo  respiratory  stresses  Imposed 
by  the  equipment. 

Respiratory  Volume  Demands 

In  most  individuals,  pressure  breathing  causes  an  Increase  in  pulmonary 
ventilation  although  the  magnitude  of  this  varies  and  depends  to  some  extent 
upon  the  experience  of  the  subject.  Pressure  breathing  at  30  mmHg  (4.0  kPa) 
causes,  on  average,  an  Increase  in  the  respiratory  minute  volume  of  about  SOZ 
more  than  the  resting  value.  The  individual  responses  may  vary  from  doubling 
ventilation  to  little  or  no  Increase.  Respiratory  disturbances  Induced  by 
pressure  breathing  are  minimised  by  the  application  of  counter  pressure  to  the 
surface  of  the  thorax  and  abdomen.  Significant  distension  of  the  lungs  is 
prevented  and  breathing  remains  relatively  effortless  even  at  positive  pressures 
in  excess  of  100  mmHg  (13.3  kPa)  (Ref  2).  The  degree  of  hyperventilation 
induced  by  a  given  breathing  pressure  is  also  reduced  and  it  can  be  concluded 
that  an  oxygen  system  which  can  adequately  meet  the  maximum  pulmonary 
ventilation  which  may  be  sustained  in  flight  for  longer  than  30  seconds  (55  L 
(BTPS)  Ref  3)  will  adequately  supply  the  volume  demands  required  of  a  partial 
pressure  assembly. 

Respiratory  Flow 

Pressure  breathing  causes  marked  changes  in  respiratory  flow  patterns  in 
addition  to  the  reversal  of  the  normal  mechanism  of  breathing  in  which 
expiration  becomes  active  whilst  Inspiration  is  passive.  Thus  the 
pneumotachgram  inspiratory  curve  becomes  shorter  in  duration  and  peaked  with 
higher  Instantaneous  flows  while  expiration  is  extended  and  flattened  but  with 
little  or  no  change  in  peak  flow.  The  maximum  peak  inspiratory  flows  recorded 
in  flight  using  a  conventional  oxygen  system  are  of  the  order  of  160  L 
(BTPS) /min  (Ref  3)  although  using  a  low  impedance  breathing  system  Harding  (Ref 
4)  recorded  2.SZ  of  breaths  with  peak  inspiratory  flows  in  excess  of  220  L 
(BTPS) /min.  Comparable  data  for  in-flight  pressure  breathing  are  not  available 
but  in  practice,  with  adequate  training  and  experience  of  pressure  breathing. 
Instantaneous  respiratory  flows  recorded  in  hypobarlc  chamber  exposures  are 
considerably  lower  than  those  recorded  in  flight. 

The  maximum  flow  required  from  an  oxygen  delivery  system  is  more  likely  to 
be  set  by  the  requirement  to  pressurise  adequately  counter  pressure  garments 
whose  gas  supplies  are  derived  from  the  same  demand  regulator  as  supplies  the 
respiratory  tract.  The  greater  the  volume  of  the  bladders  in  the  counter 
pressure  garment  the  greater  is  the  flow  capacity  required  from  the  demand 
regulator.  For  a  typical  counter  pressure  garment  covering  the  torso  with  a 
bladder  volume  of  approximately  IS  L  (incompressible  litres  at  a  pressure  of  80 
mmHg)  which  is  required  to  attain  at  least  90Z  of  final  pressure  within  one 
second  of  commencement  of  inflation  a  flow  capacity  in  excess  of  10  L/sec  may  be 
required.  The  most  stringent  demands  on  this  function  of  the  regulator  will  be 


Imposed  during  operation  of  the  press-to  test  facility  on  the  ground  or  during 
high  G  manoeuvres  at  low  level  If  a  PPB  for  enhanced  acceleration  protection 
capacity  Is  present. 

Impedance  to  Respiration 


The  physiological  disturbances  which  might  result  from  the  Imposition  of  a 
high  Impedance  to  breathing  (fatigue  of  respiratory  muscles,  dlscoaifort, 
alteration  of  pulmonary  ventilation)  tend  to  be  swamped  by  the  magnitude  of  the 
effects  of  PPB.  However  the  total  change  of  mask  cavity  pressure  throughout  the 
respiratory  cycle  (le  the  difference  between  the  minimum  and  maximum  mask  cavity 
pressure)  should  be  as  low  as  possible.  Sensations  of  resistance  to  breathing 
or  stimulation  of  hyperventilation  may  be  additive  to  the  effects  of  PPB 
particularly  at  lower  levels  of  positive  pressure.  The  maximum  change  of  mask 
cavity  pressure  during  the  respiratory  cycle  at  altitudes  In  excess  of  40,000 
feet  should  therefore  not  exceed  those  acceptable  below  40,000  feet  (Ref  1). 

PREVENTIOH  OP  HYPOXIA 


Minimum  Oxygen  Partial  Pressure 

The  positive  pressure  which  must  be  delivered  In  the  steady  state  to  the 
respiratory  tract  at  any  given  altitude  above  40,000  feet  Is  determined  by  the 
degree  of  hypoxia  or  alveolar/arterial  PO2  which  Is  acceptable  In  the  presence 
of  the  cardiovascular  stress  Imposed  by  the  pressure  breathing.  The  Interaction 
of  these  two  additive  stresses  may  be  modified  by  the  extent  of  body  cover  and 
the  Inflation  pressures  ultlllsed  In  the  counter  pressure  garments.  lOOZ  oxygen 
has  In  the  past  been  used  as  the  breathing  gas  and  the  relationship  between 
absolute  Intrapulmonary  pressure  and  performance  during  pressure  breathing  both 
with  and  without  counter  pressure  Is  well  established  (Ref  5)  for  exposures  not 
exceeding  five  minutes.  These  data  were  based  on  experiments  In  which  the 
counter  pressure  garments  were  Inflated  to  the  same  absolute  pressure  as  the 
breathing  pressure.  The  relationship  (Table  1)  demonstrates  that  in  order  to 
prevent  significant  hypoxia  in  these  conditions  it  would  be  necessary  to 
maintain  an  intrapulmonary  pressure  of  not  less  than  120  maBg  absolute  (Ref  5). 
In  these  circumstances,  since  lOOZ  oxygen  was  employed  as  the  breathing  gas,  the 
alveolar  gases  were  principally  oxygen  and  carbon  dioxide  (saturated  with  water 
vapour).  If  no  hyperventilation  is  assumed  then  the  alveolar  PO2  would  be  33 
mmUg.  However  the  hyperventilation  induced  by  the  positive  pressure  breathing 
and  lowered  arterial  FO2  produces  a  higher  alveolar  POg  than  would  otherwise  be 
the  case.  The  hypocapnia  \dilch  accompanies  the  hyperventilation  Influences 
cerebral  blood  flow  so  that  the  degree  of  cerebral  hypoxia  which  determines  the 
'performance'  of  an  individual  is  set  by  the  arterial  PO2,  PCO2  and 
cardiovascular  changes  Induced  by  pressure  breathing.  Thus  despite  the  higher 
than  expected  alveolar  PO2  the  mean  oxygen  tension  in  the  cerebral  capillaries 
may  be  reduced  by  the  reduction  in  blood  flow  caused  by  hypocapnia  and  pressure 
breathing  Itself.  This  latter  reduction  will  be  modified  by  the  extent  of  the 
counter  pressure  applied  to  the  body.  It  is  this  interaction  of  alveolar  PO2, 
hyperventilation  (modified  by  counter  pressure),  cerebral  blood  flow  and 
cardiovascular  support  provided  by  pressure  garments  which  pennit  different 
combinations  of  pressure  breathing  levels  and  counter  pressure  to  be  employed  to 
maintain  acceptable  levels  of  cerebral  oxygenation  in  partial  pressure 
assemblies. 


TABLE  X 


The  Relatlonahln  Between  Abaolute  Intrapulmonarv  PreBBure 
and  Perfnmuinoe  Purine  Pressure  Breathing 


Absolute 

Intrapulmonary 

Pressure 

innHg 

Breathing  Pressure 
OBDHg 

Counter 

Pressure 

Performance 

141 

0  -  141 

Trunk  and  lower 
limbs 

Ho  Impairment 

130 

0-70 

Trunk  and  lower 
limbs 

Mild 

impairment 

120 

0-70 

Trunk  only 

Mild/moderate 

Impairment 

115 

0-30 

None 

Moderate/ 

severe 

impairment 

Area  of  Counter  Preesure  Cover  and  Ratio  of  Antl-G  Suit  Preesure  to 
Cheat  Counter  Pressure 


The  partial  pressure  assembly  introduced  into  RAF  service  in  the  19508 
comprised  a  torso  'jerkin'  in  combination  with  an  anti-G  suit.  This  assembly 
(which  is  still  in  operational  use)  generally  derived  the  supply  to  both 
garments  from  the  breathing  regulator  so  that  the  bladder  inflation  pressure 
equalled  breathing  pressure.  With  a  mask  cavity  pressure  of  70  DOHg  exposures 
to  altitude  of  56,000  feet  were  safely  achieved.  A  differential  system  (higher 
pressure  in  the  antl-G  suit  than  jerkin)  was  however  exploited  in  one  aircraft 
type  (Lightning)  in  which  the  antl-G  valve  responded  both  to  +Gz  acceleration 
and  exposure  to  cabin  altitudes  in  excess  of  40,000  feet.  Vfhen  providing 
inflation  of  the  antl-g  suit  for  altitude  protection,  this  'barometric-anti-G 
valve  produced  a  pressure  of  approximately  1.5  times  the  breathing  pressure. 

The  advantages  of  Improved  lower  limb  vascular  support  were  recognised  but  the 
magnitude  of  the  pressure  ratio  between  antl-G  suit  and  torso  counter  pressure 
was  rigidly  controlled  since  the  anti-G  valve  functioned  Independently  and  in 
the  event  of  loss  of  suit  pressure,  with  the  maintenance  of  jerkin  pressure,  a 
catastrophic  fall  in  blood  pressure  would  occur  if  the  ratio  was  much  greater. 
Thus  in  systems  which  employ  separate  lower  limb  and  chest  counter  pressure 
garments  it  must  not  be  possible  for  the  chest  garment  to  remain  inflated  should 
failure  of  the  supply  to  the  lower  limb  garments  occur. 

In  the  Investigations  reported  by  Larsson  and  Stromblad  (Ref  6)  subjects 
were  successfully  protected  at  altitudes  of  65,600  feet  for  30  seconds  following 
rapid  decompression  using  a  minimal  chest  counter  pressure  garment  with  antl-G 
trousers  Inflated  to  3.2  times  the  breathing  pressure. 

Later  experiments  by  Canadian  investigators  (7,  8,  9,  10)  confirmed  that 
improved  protection  against  hypoxia  could  be  obtained  by  reduced  coverage  chest 
counter  pressure  garments  with  a  higher  pressure  in  the  anti-G  trousers  (3.2 
times  breathing  pressure).  Their  findings  however  did  suggest  that  the  greater 
the  bladder  coverage  of  the  torso,  the  better  the  support  for  the  cardiovascular 
system  even  in  combination  with  higher  G-  suit  pressures.  Thus  it  was  found 
(Ref  7)  that  although  the  RAF  partial  preesure  assembly  with  no  differential 
pressures  provided  the  highest  degree  of  protection  when  assessed  by  the  effects 
on  heart  rate,  peripheral  resistance,  blood  pressure  and  stroke  volume  the 
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addition  of  an  anti-G  suit  pressure  of  3.2  times  breathing  pressure 
significantly  increased  the  degree  of  protection  afforded.  However,  neither  the 
Swedish  nor  Canadian  experimental  assessments  (particularly  the  altitude 
exposures),  followed  the  operational  profile  usually  simulated  in  UK.  Thus  in 
UK  it  is  generally  required  that  when  assessed  in  the  laboratory  a  protective 
assembly  should  provide  adequate  protection  at  the  simulated  altitude  for  at 
least  twice  the  duration  expected  in  a  realistic  operational  scenario  followed 
by  descent  at  a  rate  commensurate  with  the  aircraft  performance.  It  Is  also  a 
pre-requisite  that  a  realistic  (usually  worst  case)  gas  mixture  be  breathed 
prior  to  the  decompression  since  the  influence  of  the  partial  pressure  of  oxygen 
in  the  alveolar  gas  prior  to  decompression  on  the  impairment  of  consciousness 
following  the  decompression  is  well  recognised  (Ref  1). 

A  systematic  assessment  of  the  ability  of  several  different  counter 
pressure  garment  assemblies  to  protect  against  some  of  the  adverse  respiratory 
consequences  of  pressure  breathing  has  been  conducted  (Ref  12).  Pressure 
breathing  without  counter  pressure  Increases  Forced  Vital  Capacity  (FVC)  by 
increasing  Tidal  Volume  (TV)  and  Expiratory  Reserve  Volume  (ERV).  Total  lung 
capacity  and  residual  volume  are  also  increased.  ERV  rises  to  a  much  greater 
extent  than  FVC  (because  of  the  smaller  Increase  in  TV  and  a  decrease  in 
inspiratory  reserve  volume)  resulting  in  an  Increase  In  the  ratio  of  ERV/FVC. 

An  Ideal  counter  pressure  garment  assembly  would  prevent  or  minimise  any 
Increase  In  expiratory  reserve  volume  and  prevent  a  rise  In  the  ratio  of  ERV/FVC 
during  pressure  hreathing.  This  would  help  to  protect  against  respiratory 
discomfort  and  fatigue,  and  prevent  an  Inappropriate  Increase  in  pulmonary 
ventilation.  The  results  indicate  that  chest  counter  pressure  provided  by  a 
waistcoat  with  bladders  around  the  chest.  In  combination  with  lower  limb  counter 
pressure  provided  by  antl-G  trousers,  inflated  to  three  times  the  pressure 
supplied  to  the  waistcoat,  offered  more  protection  than  any  other  counter 
pressure  assembly  tested. 

Subsequent  experimental  exposure  at  altitudes  up  to  60,000  feet  have 
confirmed  these  findings  and  demonstrated  that  adequate  protection  against 
hypoxia  can  he  provided  with  this  assembly. 

The  surface  area  of  the  lower  limbs  which  is  required  to  be  covered  by 
bladders  to  provide  optimum  counter  pressure  for  altitude  protection  has  not 
been  so  thoroughly  Investigated.  The  physiological  requirements  for  increased 
coverage  antl-G  suits  have  largely  been  dictated  by  the  needs  for  enhanced  G 
protection.  Systematic  assessment  of  increased  and  full  coverage  anti-G  suits 
as  part  of  a  partial  pressure  assembly  for  altitude  protection  with  or  without  a 
higher  pressure  in  the  lower  limb  garments  has  not  yet  been  conducted.  In  the 
UK  early  versions  of  full  coverage  anti-G  trousers  although  successfully  used 
for  G  protection  proved  to  be  unacceptably  uncomfortable  during  use  at  simulated 
altitudes  In  excess  of  30,000  feet  when  anti-G  suit  pressure  was  3  times  the 
breathing  pressure  In  the  waistcoat  (Ref  lA).  The  acceptable  pressure  schedule 
compromise  for  this  combination  has  therefore  still  to  be  defined. 

Maximum  Acceptable  Mask  Cavity  Pressure 

In  the  presence  of  effective  thoracic  and  abdominal  counter  pressure  the 
factors  which  limit  the  level  of  pressure  breathing  sdilch  may  be  delivered  to 
the  respiratory  tract  are  the  undesirable  effects  on  the  head  and  neck.  The 
most  convenient  method  of  delivering  breathing  gas  to  the  respiratory  tract  Is 
by  an  oronasal  mask  idiich  Is  capable  of  sealing  the  necessary  mask  cavity 
pressures.  Typical  RAF  oxygen  masks  when  properly  fitted  and  adjusted  will  hold 
pressures  up  to  100  nnHg  without  significant  leakage.  In  practice  however 
because  support  Is  given  to  only  a  limited  area  of  the  face  well  defined 
physiological  effects  limit  the  pressure  which  can  be  delivered. 

Distension  of  the  upper  respiratory  tract  becomes  very  uncomfortable  at 
pressures  In  excess  of  70  nmBg  and  this  discomfort  is  the  aialn  limitation  to  the 
use  of  an  oronasal  mask.  Additional  effects  such  as  blephorotpasm  (due  to  gas 
passing  up  the  nasalacrlaial  ducts)  and  rupture  of  conjuctlval  vessels  as  a 
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consequence  of  raised  intrathoracic  (and  hence  arterial)  blood  pressure  limit 
the  breathing  pressure  and  duration  for  which  an  oronasal  mask  may  be  used  to  70 
mmHg  for  3-4  minutes.  However,  well  trained  subjects  can  tolerate  pressure 
breathing  up  to  80  mmHg  for  short  periods  (Refs  5,8)  and  provided  an  aircraft 
can  initiate  descent  within  1  minute  of  the  onset  of  loss  of  cabin 
pressurisation  and  continue  descent  at  a  rate  in  excess  of  10,000  ft/min.  mask 
cavity  pressure  of  up  to  80  mmHg,  accompanied  by  adequate  body  counter  pressure, 
should  be  acceptable.  A  pressure  or  partial  pressure  helmet  would  eliminate  the 
pressure  differentials  which  develop  between  the  respiratory  tract  and  the 
surface  of  the  face  and  neck  when  an  oronasal  mask  is  employed.  These  helmets 
however  are  bulky,  heavy,  cumbersome  and  inappropriate  for  use  in  the  next 
generation  of  high  performance  aircraft. 

Acceptable  Gas  Mixtures 

With  the  advent  of  Molecular  Sieve  Oxygen  Concentrating  Systems  (MSOCs)  for 
production  of  oxygen  rich  gas  mixtures  on  board  aircraft  the  use  of  a  breathing 
gas  whose  composition  is  less  than  lOOZ  oxygen  has  been  investigated.  USAF  SAM 
(Ref  15)  completed  over  200  simulated  decompressions  to  50,000  feet  without 
counter  pressure  garments  in  which  subjects  breathed  gas  mixtures  at  30  mmHg 
positive  pressure  with  oxygen  concentrations  which  varied  from  85-1002. 

Transient  post  decompression  alveolar  oxygen  levels  of  less  than  30  mmHg 
occurred  and  it  was  concluded  that  the  maximum  flight  ceiling  for  this  partial 
pressure  regime  should  be  reduced  from  50,000  feet  to  46,000  feet  if  oxygen 
concentrations  below  932  were  delivered.  These  investigations  once  again 
demonstrated  the  requirement  for  balance  between  alveolar  PO2  and  pressure 
breathing  levels.  Extension  of  these  investigations  to  examine  the  altitude 
domain  in  which  counter  pressure  garments  are  required  would  complete  the 
physiological  "picture"  but  production  of  acceptable  equipment  to  ensure  that 
the  necessary  equilibration  between  the  stresses  of  hypoxia  and  pressure 
breathing  is  maintained  at  all  operational  altitudes  may  be  difficult. 
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RESUME  :  Un  equipement  personnel  de  vol  a  ete  fabrique  et  teste  en  France,  pour  proteger 
equipages  d'avions  de  combat  contre  le  risque  de  perte  de  pressurisation  a  haute 
altitude.  II  s'agit  d’un  vetement  a  pressurisation  partielle.  Plusieurs  series  d'cssais 
ont  ete  effectuees  :  sur  maquette  fonctionnelle  pour  valider  le  principe  de 
I’equipement,  puis  en  decompression  lente  jusqu’a  60  000  ft;  ces  essais  ont  montre  que 
la  loi  de  surpression  altimetrique  etait  mal  adaptee  a  ce  type  d* equipement.  Une  loi  de 
dilution  altimetrique  specifique  ainsi  qu'une  nouvelle  loi  de  surpression  ont  ete 
imaginees.  Elies  ont  ete  testees  au  cours  d’une  serie  d'essais  en  decompression  rapide 
(2  secondes);  quelques  essais  en  decompression  explosive  ont  enfin  ete  realises.  A  la 
suite  des  experimentations,  1* equipement  a  pu  etre  homologue  pour  1’ altitude  maximale  de 
65  000  ft,  pour  un  temps  limite  (2  a  3  minutes  avant  de  rejoindre  1' altitude  de  40  OCO 
ft)  et  avec  une  loi  de  pressurisation  de  1* avion  de  35  kPa. 


SUMMARY  ;  A  personal  flight  equipment  has  been  manufactured  and  tested  in  France,  in 
order  to  protect  combat  aircraft  crew  against  the  risk  of  loss  of  pressurisation  at  high 
altitude.  It  is  a  partial  pressure  suit.  Some  series  of  tests  were  performed  ;  on  mock- 
up,  to  validate  the  principles  of  the  equipment,  then  in  slow  decompression  up  to  60  000 
ft;  theses  tests  showed  the  altimetric  positive  pressure  schedule  was  badly  adapted  for 
this  kind  of  equipment.  Specific  schedules  of  altimetric  dilution  and  positive  pressure 
were  established  and  tested  with  a  series  of  rapid  decompression  experiments  (in  2 
seconds);  some  explosive  decompression  tests  were  also  performed.  By  the  results,  the 
homologation  was  obtained,  for  the  maximum  altitude  of  65  000  ft,  maximum  duration  above 
40  000  ft  of  2-3  minutes  and  an  aircraft  pressurisation  schedule  of  35  kPa. 


Un  equipement  personnel  de  vol  a  ete  developpe  en  France  pour  proteger  les 
equipages  contre  le  risque  de  perte  de  pressurisation  a  haute  altitude.  II  s'agit  d’un 
vetement  a  pressurisation  partielle,  compose  de  3  sous-ensembles  :  un  ensemble  de  tete 
comprenant  casque  et  masque  pressurise,  un  gilet  respiratoire  avec  une  vessie  de  contre- 
pression  thoracique  et  un  pantalon  anti-G  qui,  outre  sa  fonction  habituelle  de 
pressurisation  anti-G,  assure  le  role  de  partie  basse  du  vetement  a  pressurisation 
partielle.  L' ensemble  est  convnande  par  un  systeme  complexe  de  regulation,  permettant 
ainsi  d' assurer  a  la  fois  la  protection  contre  1' altitude  et  la  protection  contre  les 
accelerations  +Gz  de  longue  duree.  Get  ^uipement  est  egalement  compatible  avec  un 
vetement  d'iiwnersion  ou  des  equipements  de  protection  NBC.  Get  equipement  a  fait  I'objet 
dc  plusieurs  series  d’essais  en  haute  altitude,  selon  differents  scenarios  de 
decompression  :  apres  quelques  essais  sur  maquette  fonctionnelle  pour  valider  les 
principes  de  construction,  une  serie  d'essais  a  ete  pratiquee  en  decompression  lente  (en 
quelques  minutes)  puis  en  decompression  rapide  (en  deux  a  trois  secondes),  suivis  de 
quelques  essais  en  dec<xnpression  explosive.  Nous  presenterons  done  tout  d'abord  cet 
equipement  de  fagon  succinte  puis  nous  d^crirons  les  essais  effectues,  avec  les 
resultats  obtenus,  enfin  les  limites  d'emploi  de  cet  equipement. 

Description  generale  de  l*6quipement 

L'^quipement  stratospherique  frangais,  decrit  par  ailleurs  dans  le  detail,  est 
constitue  de  3  sous-ensembles  relies  a  un  systeme  complexe  de  regulation  (figure  n*  1). 
La  partie  haute*  se  compose  d'un  casque  avec  un  masque  a  serrage  asservi  a  la 
surpression.  La  coque  du  casque  est  standard.  Le  masque  est  porte  par  un  systeme  de 
cremaill^re.  Par  rapport  aux  masques  militaires  frangais  utilises  jusque  Id,  il  s'agit 
d'un  masque  oro-nasal  dont  la  surface  d'appui  sur  le  visage  a  etd  minimisde  pour  assurer 
une  meilleure  etancheitd  en  surpression;  le  masque  reste  dtanche  pour  une  pression  de  15 
kPa  environ  (environ  120  mm  Hg).  La  soupape  du  masque  est  une  soupape  conbinee, 
inspiratoire  et  expiratoire  compensde,  capable  de  laisser  passer  des  debits  gazeux  tres 
dlevds,  cette  derniere  caraetdristique  dans  le  but  de  minimiser  les  risques  de 
surpression  alveolaire  en  cas  de  decompression  explosive.  L'etanchdite  de  la  soupape, 
montee  dans  un  plan  paralldle  h  I'axe  Gz,  a  ete  verifiee  jusqu'd  15  G  dans  chaque 
direction  sur  simulateur  respiratoire. 


La  tcnue  de  1 'ensemble  do  tete  a  I'ejection,  habituellement  devolue  au  masque 
lui-meme,  est  reportee  sur  une  sangle  mentonniere.  Une  poche  pressurisee  est  installee  a 
I'arriere  de  la  tete,  entre  le  squelette  dc  la  tete  et  la  coque  du  casque.  Elle  est 
montee  pneumatiguement  en  parallele  avec  le  circuit  respiratoire.  La  poche  occipitale 
est  prolongee  de  chaque  cote  par  une  poche  auriculaire  qui  plaque  les  ecouteurs  sur  les 
oreilles  et  qui,  par  un  gicleur,  pressurise  les  tympans  pour  limiter  la  difference  de 
pression  transtyropanique;  dans  un  souci  d'econcMnie  de  I'oxygene  en  cas  de  f onctionnement 
sur  la  source  de  secours,  la  pression  de  pressurisation  des  conduits  auditifs  externes 
etait  limitee  pour  obtenir  une  difference  de  pression  transtyropanique  de  5  kPa. 

La  partie  thoracique  de  I’equipement  pressurise  est  constitueo  d'un  gilet  avec 
poche  de  poitrine,  sans  manches.  La  poche  de  poitrine  est  montee  en  parallele  sur  le 
circuit  respiratoire.  Les  equiperoents  de  survie  sont  integres  au  gilet  pressurise.  La 
partie  basse  est  constituee  d*un  pantalon  anti-G  habituel,  qui  regoit  ainsi  unc  double 
fonction,  pantalon  anti-G  et  partie  basse  de  I'equipement  pressurise  pressurise  de  haute 
altitude . 


L’ensemble  de  I’equipement  cst  pilote  par  un  systeme  de  regulation  complexe,  qui 
regoit  I'ensemble  des  ordres  d*altitude  et  d* acceleration,  les  integre  et  les  repartit 
vers  les  differents  sous-ensembles. 

L'equipement  a  ete  prevu  pour  pouvoir  fonctionner  avec  un  melange  d'air  et 
d'oxygene  (melange  dilue),  au  lieu  de  I’oxygene  pur  jusque  la  de  regie  avec  tout 
vetement  a  pressurisation  partielle.  La  loi  de  dilution  a  ete  adaptee  a  cette  fin  car, 
en  cas  de  decompression  rapide  de  la  cabine,  le  prelevement  de  gaz  respirables  se  fait 
pour  partie  dans  la  poche  de  pressurisation  et  pour  partie  a  travers  le  regulateur 
d’oxygene.  Le  volume  des  poches  et  la  repartition  exacte  dc  ces  deux  debits  a  ete 
evaluee  le  plus  exactement  possible  pour  optimiser  cette  fonction. 

Les  autres  fonctions  de  I’equipement  ont  ete  adaptees  au  fur  et  a  mesure  des 
cssais  et  seront  presentees  comme  resultats  des  differentes  series  a 'experiences. 

Essais  realises 

Les  essais  ont  ete  realises  en  quatre  series  successives  r 

-  des  essais  sur  maquettes  fonctionnelles  pour  tester  la  validite  du  concept,  en 
particulier  pour  valider  le  mode  de  fonctionnement  du  dispositif  de  regulation  incluant 
regulation  d'oxygene  et  systeme  anti-G; 

-  des  essais  en  decompression  lente  qui  avaient  pour  but  un  essai  progressif  de 
I’equipement  dans  ses  differentes  fonctions  et  qui  ont  permis  entre  autres  de  montrer 
1’ inadaptation  de  la  loi  de  surpression  altimetriquc  initialement  choisie; 

-  des  essais  en  decompression  rapide  (en  2  a  3  secondes)  qui  avaient  pour  but  de 
valider  les  principes  retenus  dans  des  conditions  les  plus  realistes  possibles  de  risque 
hypoxique  en  haute  altitude; 

-  des  essais  en  decompression  explosive,  interrompus  avant  leur  term©  pour 
differents  motifs. 


Les  dispositifs  de  mesure  ont  un  peu  varie  au  cours  de  ces  quatre  series 
d'experiences.  D'une  fagon  generale  cependant,  ils  ont  permis  de  mesurer  I’ensemble  des 
mode*  de  fonctionnement  du  systeme.  Sous  leur  forme  la  plus  complete,  pour  les  deux 
dernieres  series  experimentales ,  le  dispositif  de  mesure  comprenait  des  mesures  de 
debits  gazeux,  des  mesures  de  pressions,  I’analyse  gazeuse  au  masque,  1 ’ enregistrement 
du  fonctionnement  du  regulate  ir  d’oxygene. 

Les  mesures  de  debit  gazeux  ont  ete  effectuees  dans  un  premier  temps  a  I’aide  de 
trois  debit-metres  ;  I'un  a  la  sortie  du  regulateur  d’oxygene,  le  deuxieme  a  I'entree  au 
masque,  le  dernier  sur  la  tuyauterie  d’ alimentation  de  la  poche  de  pressurisation  fie 
poitrine.  Les  resultats  ont  montre  que  le  signal  obtenu  par  difference  entre  les  deux 
premiers  debit-metres  recoupait  a  5  p.  cent  pres  environ  le  signal  du  troisieme  debit- 
metre.  Ces  mesures  pouvaient  done  etre  considcrees  comme  redondantes  et  le  troisieme 
debit-metre  a  pu  etre  supprime.  Les  resultats  presentes  sont  done  les  mesures  effectuees 
a  la  sortie  du  regulateur  d’oxygene  et  a  I'entree  au  masque,  le  debit  gazeux  a  travers 
la  poche  de  poitrine  etant  calcule. 


Les  mesures  de  pression  ont  permis  de  controler  I'ensemble  de  I’equipement  : 

-  pression  dans  le  pantalon  anti-G, 

-  pression  dans  la  poche  de  poitrine, 

-  pression  dans  le  masque, 

-  pression  dans  la  poche  occipitale, 

-  pression  dans  les  poches  auriculaires. 


(difference 


-  difference  de  pression  entre  le  masque  et  la  poche  de  poitrine 
de  pression  trans-thoracique ) , 

-  pcrto  de  charge  de  la  soupape  seule, 

-  controle  de  la  pression  d’entree  de  I'oxygene  au  regulateur  d’oxygene 
(entree  du  circuit  normal  et  entree  du  circuit  secours), 

-  pression  ambiante  (altitude) 

•  pression  intra-ocsophagienne  pour  les  decompressions  explosives 


Les  essais  en  decompression  rapide  et  explosive  ont  ete  completes  d'une  mesurc 
de  la  composition  gazeuse  dans  le  masque  par  spectrometr ie  de  masse,  adaptee  aux 
conditions  de  la  haute  altitude. 

Enfin  le  signal  blinker  a  ete  enregistre. 

Les  essais  ont  ete  effectues  avec  des  sujets  humains  volontaires,  medicalement 
aptes  et  instruits  des  conditions  de  I’essai.  8  sujets  ont  participe  aux  essais,  sans 
cependant  qu’il  ait  pu  etre  possible  de  planifier  parfaitement  les  essais,  qui  ont  ete 
effectues  en  fonction  de  la  disponibilite,  du  volontariat  et  de  I’aptitude  physique  de 
chacun  des  sujets. 


Essais  sur  maquette  fonctionnelle 

Ces  essais  ont  ete  realises  suff isamment  tot  dans  le  programme  et  ont  permis  de 
verifier  la  validite  technique  des  concepts  de  construction  de  1‘equipement. 

Essais  en  decompression  lente 

Les  essais  en  decompression  lente  ont  ete  effectues  avec  6  volontaires,  au  cours 
de  16  montees  en  altitude  simulee,  2  a  50  000  ft,  1  a  57  000  ft  et  13  a  60  000  ft,  a  la 
Vitesse  de  30  m.s-1  (2  000  ft.min-1),  avec  un  arret  tous  les  10  000  ft,  pendant  1  min 
jusqu'a  30  000  ft,  45  s  a  40  000  ft  et  30  s  a  50  000  et  60  000  ft.  Les  differents  modes 
de  fonctionnement  du  systeme  ont  ete  systematiquement  testes  (modes  oxygene  pur  ou 
dilution,  avec  ou  sans  surpresslon  permanente,  pour  toutes  les  pressions  d' alimentation 
en  oxygene,  y  compris  en  secours,  e’est-a-dire  dans  une  plage  de  pressions 
d'alimentation  de  1.9  a  7.5  bars). 

Ces  essais  ont  permis  de  montrer  deux  limitations  de  I'eguipement  tel  qu*il 
etait  congu.  La  premiere  limitation  a  ete  ressentie  par  deux  des  sujets,  sous  la  forme 
d'une  sensation  tres  penible  de  strangulation  a  partir  de  I'altitude  de  50  000  ft  (avec 
une  valeur  de  surpresslon  de  8.8  kPa);  cette  sensation  de  strangulation  n’a  pas  pu  etre 
rattachee  a  une  compression  de  la  partie  avant  du  cou  par  une  piece  de  I’equipement. 
Elle  a  done  ete  imputee  a  une  distension  de  la  trachee  par  la  surpression  interne  aux 
voles  respiratoires ,  sans  contre-pression  externe. 

La  deuxieme  limitation  est  apparue  sous  la  forme  d’une  perte  de  conscience  a 
I’altitude  de  60  000  ft  (figure  n*  2).  Le  sujet  a  presente  une  perte  de  conscience  a  la 
fin  du  plateau  a  60  000  ft,  L'historique  de  I’incident  est  le  suivant  :  apres  le  plateau 
de  30  000  ft,  montee  a  40  000  ft  en  30  s  puis  arret  a  cette  altitude  pendant  45  s;  la 
surpression  est  alors  egale  a  2.8  kPa;  la  montee  puis  le  plateau  a  50  000  ft  durent 
respectivement  22  et  38  s;  a  cette  altitude,  la  surpression  est  egale  a  8.9  kPa;  la 
montee  et  le  plateau  a  60  000  ft  durent  16  et  37  s,  altitude  a  laquelle  la  surpression 
est  egale  a  12.8  kPa.  La  perte  de  conscience  survient  a  ce  moment;  elle  durera  20  s 
environ,  le  temps  mis  pour  redescendre  vers  40  000  ft;  nous  ne  disposions  pas  a  ce 
moment  d’enregistrements  electro-cardiographiques  mais  nous  observerons  un  arret 
respiratoire.  L* association  de  la  perte  de  conscience  alors  que  nous  controlions  a  la 
fois  la  fraction  d'oxygene  et  la  pression  dans  le  masque  permet  d'eliminer  la  syncope 
hypoxique.  L’arret  respiratoire,  suivl  d’une  reprise  progressive  20  secondes  apr^s,  nous 
a  fait  emettre  I'hypothese  d’une  syncope  vagale,  probablement  par  inhibition  cardio- 
circulatoire  due  a  une  stimulation  aberrante  des  baro-recepteurs  sino-carotidiens 
(Figure  3). 

Compte-tenu  de  la  mauvaise  tolerance  de  la  surpression  respiratoire  dans  ces 
conditions,  du  fait  que  les  avions  de  combat  modernes  ont  des  taux  de  descente  tr^s 
rapides,  qu'une  hypoxie  de  degr4  modere  peut  etre  support^e  pendant  un  temps  bref  et 
que,  enfin,  il  semble  que  la  surpression  repiratoire  s'accompagne  d'une  certaine 
hyperventilation,  generatrice  d’une  hypocapnle  elle-meme  a  I’origine  d'une  minoration  de 
1' hypoxie  alvolaire,  la  lol  de  surpression  altimetrique  a  ^te  modifi^e  de  fagon  k  ne  pas 
depasser  11.5  kPa  a  60  000  ft.  C'est  cette  hypothdse  qui,  en  meme  temps  que  la  loi  de 
dilution  altimetrique,  a  6t4  validee  au  cours  de  la  serle  suivante  d’essais,  en 
decompression  rapide. 

Essais  en  decompression  rapide 

Les  essais  en  decompression  rapide  ont  ete  effectues  avec  4  sujets  volontaires, 
cn  augmentant  progressivement  I'altitude  et  la  variation  de  pression.  Les  variations  de 
pression  ont  ete  de  5,  10,  15,  20,  25  et  30  kPa.  Les  essais  ont  ete  effectues 
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systematiquement  en  mode  dilution  et  surpression  permanente  de  0.45  kPa.  L’objectif  fixe 
a  ces  essais  etait  la  validation  de  I’equipement  dans  les  conditions  d'eraploi  fixees  par 
la  France  (altitude  maxiroale  :  60  000  ft,  pression  dif ferentielle  de  la  cabine 
pressurisee  :  30  kPa);  quelques  essais  ont  ete  effectues  a  des  valeurs  plus  elevees  de 
I'altitude  :  65  000  ft,  70  000  ft  et  75  000  ft  ainsi  qu’a  des  valeurs  plus  elevees  de 
la  pression  dif ferentielle  :  35  kPa.  Ils  ont  ete  effectues  a  partir  de  1' altitude  de  10 
000  ft,  18  400  ft  et  25  250  ft,  ces  deux  dernieres  valeurs  permettant  d’atteindre  les 
valeurs  d’altitude  de  39  000  ft  et  60  000  ft  respectivement  a  1' issue  d’une 
decompression  de  30  kPa.  Pour  les  essais  effectues  avec  une  pression  dif ferentielle  de 
35  kPa,  I’altitude  initiale  etait  plus  faible  :  16  100  ft  et  22  350  ft  pour  arriver  a  39 
000  et  60  000  ft.  L'essai  a  75  000  ft  a  ete  effectue  avec  une  pression  dif ferentielle  de 
25  kPa  seulement  pour  des  raisons  techniques. 

Tous  les  essais  en  decompression  rapide  ont  ete  pratiques  avec  une  technique  a 
deux  caissons,  scrares  par  un  vanne  quart  de  tour  a  ouverture  rapide;  les  pressions 
etaient  egalisees  entre  les  deux  caissons  en  2.5  secondes  environ.  La  conanande  de  la 
vanne  de  decompression  etait  a  double  cle  :  I'une  a  la  disposition  de  I’operateur 
technique  et  1' autre  a  la  disposition  du  sujet  lui-meme.  Pour  eviter  une  surpression 
alveolaire  excessive,  les  sujets  etaient  entraines  a  subir  la  decompression  en  fin 
d’ expiration,  en  controlant  soigneusement  la  position  de  la  glotte. 

La  validation  de  la  loi  de  dilution  a  ete  etudiee  ecsentiellement  au  cours  des 
essais  a  partir  de  10  000  ft  et  de  18  400  ft  (figure  4).  La  fraction  d'oxygene  dans  les 
gaz  inspires  (FI  02)  etait  egale  en  moyenne  a  0.70  a  10  000  ft  et  a  0.75  a  18  400  ft; 
une  valeur  de  0.54  a  ete  observee  au  cours  d'un  essai.  Aucun  symptoroe  hypoxique 
important  n'a  ete  observe  au  cours  des  differentes  decompressions,  bien  que  deux  sujets 
aient  signale  une  reduction  passagere  du  cheunp  visuel  quelques  secondes  apres  I'arrivee 
a  39  000  ft  (entre  5  et  15  secondes  environ).  Pour  une  pression  dif  ferentielle  plus 
importante  (35  kPa),  les  resultats  sont  identiques.  A  partir  de  1* altitude  de  25  250  ft, 
le  regulateur  d'oxygene  delivrait  de  I’oxygene  pratiquement  pur  et  le  probleme  se 
trouvait  elimine. 

La  validation  de  la  loi  de  surpression  altimetrique  a  ete  effectuee  lorsque 
I’altitude  atteinte  depassait  40  000  ft.  A  I'issue  de  la  decompression,  le  plateau 
d* altitude  etait  maintenu  pendant  30  secondes  avant  la  mise  en  descente  a  une  vitesse 
comprise  entre  25  000  et  40  000  ft.min-1. 

Les  resultats  montrent  X’ augmentation  de  pression  dans  les  differents 
compartiroents  de  1 ' ^quipement ,  en  deux  phases, I’une  due  a  I’expansion  volumetrique  dez 
gaz  prealablement  contenus  dans  les  poches  de  1 ' equipement ,  1’ autre,  plus  lente  due  a  la 
regulation  de  pression  par  le  regulateur  d'oxygene.  Toutes  les  pressions  controlees  dans 
I'equipement  etaient  a  leur  valeur  nominale.  II  ne  fut  observe  ni  symptome  hypoxique  ni 
symptome  d* intolerance  a  la  surpression  altimetrique  (figure  5).  Cependant  les  deux 
tests  effectues  a  1' altitude  maximale  de  70  000  ft  et  7  5  000  ft  (figure  6)  ont  montre 
que  la  tolerance  dtait  limitee,  le  sujet  ayant  considers  qu'il  n'aurait  probablement  pas 
pu  piloter  un  avion  de  fagon  tres  satisfaisante  dans  de  telles  conditions. 

Essais  en  decompression  explosive 

Quelques  essais  ont  ete  effectues  en  decompression  explosive,  utilisant  la 
technique  du  double  caisson  avec  membrane  ruptible  de  0.5  m2  entre  chaque  caisson.  La 
decompression  est  alors  obtenue  en  30  millisecondes  environ.  Des  essais  ont  ete  executes 
jusqu’a  I’altitude  de  30  000  ft  avec  une  pression  dif  ferentielle  de  30  kPa;  ils  ont 
permis  la  mise  au  point  metrologique  du  dispositif  experimental  mais  ont  ete  interrompus 
a  ce  stade  par  les  autorites. 

Comnentaires 

Ces  differents  essais  ont  permis  de  montrer  a  la  fois  les  possibilites  et  les 
limites  des  equipements  testes.  Compte-tenu  des  clauses  techniques  de  construction  des 
cabines  d'avions,  en  particulier  leurs  clauses  d'etancheite,  il  est  raisonnable  de 
penser  que  toute  decompression  a  haute  altitude  est  necessairement  une  decompression 
rapide  ou  explosive.  C'est  dans  ce  sens  qu'a  porte  le  maximum  des  essais  de 
qualification  de  I’equipement  frangais.  Les  optimisations  ont  egalement  porte  sur 
I'hypothese  d’un  episode  de  decompression  court,  ce  qui  explique  certains  des  choix 
techniques  (gilet  sans  manches,  casque  a  contre-pression  cu  lieu  du  casque  pressurise). 
La  loi  de  surpression  theorique  ne  pouvait  done  etre  retenue  et  les  choix  effectues  sont 
d'ailleurs  conformes  a  ceux  d'autres  auteurs  (1,3)  et  que  nous  avons  motives  par 
ailleurs  (5,6).  Ne  pas  les  respecter  nous  a  conduits  a  observer  une  perte  de  conscience 
chez  I'un  des  sujets  (4).  De  meme,  il  a  ete  possible,  sur  cet  equipement,  de  maintenir 
le  principe  de  la  dilution  altimetrique,  sans  consequence  physiologique  notable, 
resultat  egalement  en  accord  avec  ceux  d’autres  auteurs  (2,7,8). 

En  conclusions,  les  essais  effectues  avec  I'equipement  frangais  de  haute 
altitude  VHA  90  associe  au  regulateur  d'oxygene  IN  439  ont  permis  de  valider  ces 
equipements  dans  les  conditions  suivantes  : 

-  protection  centre  I’hypoxie  d'altitude, 

-  protection  en  haute  altitude  par  la  surpression  respiratoire  ccxnpensee, 
jusqu'A  65  000  ft. 


-  limitation  de  la  surpression  pulmonaire  en  cas  de  decompression  explosive, 

auxquelles  s'ajoutent  la  protection  centre  les  accelerations  +Gz  et  la 
protection  contre  1' immersion  par  1  integration  du  gilet  de  sauvetage,  ainsi  que  la 
compatibilite  avec  des  equxpements  de  protection  thermique  ou  chimique. 

L’homologation  de  I’equipement  a  done  ete  proposee  pour  I’altitude  maximale  de 
65  000  ft,  sous  reserve  d'une  descente  a  40  000  ft  en  moins  de  2  a  3  minutes  et  pour  une 
pression  dif f erentielle  de  cabine  maximalc  de  35  kPa. 
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SUMMARY 

A  new  generation  of  partial  pressure  assemblies 
have  been  assessed  with  particular  reference  to  the 
optimization  of  counter-pressure  relationships.  A 
system  of  non-invaaive  assessment  of  the  physio¬ 
logical  consequences  of  using  such  assemblies  dur¬ 
ing  pressure  breathing  and  following  rapid  decom¬ 
pression  to  altitudes  between  45,000  and  60,000ft 
has  been  developed.  The  method  used  are  de¬ 
scribed  and  an  outline  of  the  results  achievable  with 
this  system  are  discussed. 

I'he  physiological  benefits  of  enhanced  lower 
body  counter-pressure  compared  with  uniform 
levels  of  pressure  garment  inflation  are  described. 
Suggestions  are  made  for  further  areas  of  research 
in  this  topic. 


INTRODUCTION 

The  next  generation  of  agile  aircraft  are  destined 
to  fly  to  altitudes  of  approximately  60,000ft.  The 
Aircrew  Equipment  A^mbly  (AEA)  to  be  worn  be 
the  pilot  must  provide  protection  in  the  event  of  a 
rapid  decompression  at  such  altitudes  but  in  addi¬ 
tion  must  be  compatible  with  other  requirements  of 
the  AEA  such  as  integration  with  NBC  protective  as¬ 
semblies  and  minimal  thermal  load.  Therefore  there 
has  been  a  need  to  a  carry  out  a  reappraisal  of  high 
altitude  emergen^  protective  eystems.  In  this  paper 
the  steps  taken  to  assess  the  physiological  perform¬ 
ance  of  new  forms  of  partial  pressure  assemblies 
intended  for  the  protection  of  aircrew  following  loss 
of  cockpit  pressurization  at  altitudes  in  excess  of 
40,000ft  will  be  outlined.  The  objective  is  to  establish 
the  physiological  ideal  consistent  with  an  assembly 
acceptable  to  the  user. 

Co-incident  with  the  need  to  re-examine  high  alti¬ 
tude  protective  eystems  has  been  the  emergence  of 
the  requirement  for  pilots  to  use  pressure  breathing 
with  G  (PBG)  as  a  mechanism  of  enhanced  G  protec¬ 
tion  and  wear  the  associated  oounter-preasure 
assemblies.  As  is.discuseed  elsewhere,  PBG  is  an 
excellent  technique  for  enhancing  Q  protection  and 
pressure  breathing  during  G  esqxwure  is  a  more 
tolerable  exercise  than  pressure  breathing  at  simu¬ 
lated  altitude  in  an  hypobaric  chamber  at  IG. 


The  physiological  standard  adopted  has  been 
derived  from  the  levels  of  protection  afforded  by 
the  current  high  altitude  partial  pressure  assembly 
in  use  in  the  Royal  Air  Force  and  elsewhere,  con¬ 
sisting  of  a  Mk  4  Partial  Pressure  Jerkin  (PPJ)  and 
conventional  external  anti-G  trousers.  The  jerkin  is 
a  torso  garment,  extending  over  the  saddle  region  to 
the  tops  of  the  thighs,  thereby  protecting  the  ingui¬ 
nal  and  femoral  hernial  orifices.  Within  the  garment 
there  is  an  extensive  circumferential  inflatable 
bladder  the  coverage  of  wliich  encompasses  essen¬ 
tially  all  those  parts  of  the  body  covered  by  the 
jerkin  except  the  saddle  area.  Although  in  itself 
providing  adequate  counter-pressure  to  allow  short 
duration  pressure  breathing  up  to  SOmmHg  and 
thus  conferring  protection  up  to  an  edtitude  of 
62,000ft,  the  jerkin  is  commonly  combined  with 
anti-G  trousers  inflated  from  the  same  source,  ie 
breathing  gas.  Then  the  pilot  may  pressure  breathe 
at  up  to  70mmHg  above  ambient  and  receive 
counter-pressure  of  the  same  magnitude  over  the 
chest,  aMomen,  pelvis,  groin  and  those  parts  of  the 
le^  where  the  lobes  of  the  anti-G  trousers  bladder 
inflates,  that  is  essentially  the  muscles  of  the  thighs 
and  calves. 

This  assembly  has  been  shown  to  be  acceptable  in 
physiological  terms  for  short  duration  protection"' 
but  would  present  operational  difficulties  if  adopted 
for  use  in  future  fighter  aircraft.  Therefore  the 
opportunity  has  been  taken  to  examine  in  detail  the 
manner  in  which  acceptable  circulatory  and  respira¬ 
tory  support  during  positive  pressure  breathing  can 
be  provided  by  a  smaller  and  lighter  garment  assem¬ 
bly  which  also  complements  the  needs  of  enhanced  G 
protection. 

METHODS 

The  Partial  Pressure  Jerkin  itself  was  developed 
from  a  counter-pressure  waistcoat  and  the  funda¬ 
mental  design  was  reported  many  years  ago.  In 
addition,  Ackles  and  his  colleagues,'^  examined  at 
^ound  level  the  effects  of  pressure  breathing  whilst 
wearing  a  waistcoat  and  anti-G  trouser  combination 
end  this  led  us  to  the  examination  of  a  revised  UK 
waistcoat  coupled  to  anti-G  trousers. 


In  this  case  the  inflation  of  the  anti-G  trousers  was 
controlled  in  such  a  manner  as  to  be  a  ratio  of  the 
breathing  pressure.  The  relationships  examined 
have  been  with  anti-G  trousers  inflated  to  one, 
three  and  four  times  breathing  pressure.  The  first 
ratio  herefore  closely  reflects  the  situation  in  the 
jerkin  assembly,  where  coumer-pressure  is  equal  to 
breathing  pressure  on  all  areas  to  which  it  is  ap¬ 
plied.  In  the  second  and  third  cases  the  counter¬ 
pressure  over  the  abdomen  and  legs,  applied  by  the 
anti-G  trousers,  is  significantly  greater  than  breath¬ 
ing  pressure.  In  all  cases  the  chest  counter-pressure 
is  equal  to  breathing  pressure. 

The  device  adopted  to  provide  the  control  of  the 
“ratioed”  anti-G  trouser  pressures  was  designed  and 
built  at  the  RAF  Institute  of  Aviation  Medicine.  In 
principle  it  consists  of  an  electronic  switch  opening 
and  closing  solenoids  to  provide  compressed  air 
inflation  or  deflation  of  the  anti-G  trousers  through 
a  conventional  G  valve.  Sampling  the  pressures  in 
both  the  anti-G  trousers  and  the  mask  hose  and 
comparing  them  to  a  pre-set  relationship  completes 
the  control  system.  Breathing  gas  is  delivered  from  a 
modified  panel  mounted  MK21B  pressure  demand 
regulator  via  a  Personnel  Equipment  Connector 
(PEC).  Breathing  pressure  rises  in  a  linear  manner 
from  ambient  plus  safety  pressure  at  40,000fl  to  its 
maximum  of  70mmHg  added  pressure  at  60,00011 

Our  studies  have  examined  the  physiological  per¬ 
formance  of  the  waistcoat/anti-G  trouser  combina¬ 
tion  at  the  three  ratios  ofbreathing  pressure  to  anti- 
G  trouser  pressure  as  noted  above.  In  addition  we 
have  examined  the  performance  of  the  standard 
Mk4  PPJ/anti-G  trouser  system  under  identical 
conditions  and  using  the  same  type  of  pressure 
demand  regulator  as  the  source  of  breathing  gas. 
Performance  has  been  examined  at  mask  cavity 
pressures  of  30,  46, 60  and  TOmmHg  above  ambient 
on  six  healthy  male  volunteers. 

The  influence  on  spirometric  measurements  of  lung 
volumes  of  pressure  breathing  with  a  differential 
counter-pressure  ^stem  have  been  reported  by 
Macmillan'”.  The  'Vatioed”  waistcoat/anti-G  trouser 
system  was  found  to  be  at  least  as  effective  as  the 
jerkin  assembly  in  maintaining  lung  volumes  as 
near  normal  as  possible  when  anti-G  trouser  infla¬ 
tion  pressure  was  three  times  breathing  pressure. 

Preliminary  procedures  to  investigate  the  functional 
effects  of  various  pressure  breathing  assemblies 
were  conducted  in  a  hypobaric  chamber  decom¬ 
pressed  only  as  far  as  necesstiry  to  create  a  pressure 
differential  across  the  wall  equal  to  the  desired 
breathing  pressure.  The  turning  of  a  tap  in  a  hose 
from  the  outside  of  the  chamber  to  the  mask/gar¬ 
ment  assembly  thereby  provided  pressure  breathing, 
on  air,  at  a  negligible  altitude.  This  “through  the 
wall”  technique  has  proved  to  be  extremely  useful. 

By  this  means  it  has  been  possible  to  train  subjects 
in  exactly  the  same  chamber  facility  tis  used  for  the 
high  altitude  exposuree  and  operate  the  same  moni¬ 
toring  systems.  It  has  yielded  a  large  quantity  of 


experimental  data  on  the  circulatory  and  n^-piratury 
effects  of  pressure  breathing  isolated  fruni  the 
influence  of  high  altitude  whilst  familiarising  the 
subjects  to  the  breathing  technique  and  the  effects  of 
ratioed  counter-pressure.  It  also  offered  the  opportu¬ 
nity  to  carry  out  additional  studies  into  physiologi¬ 
cal  effects  of  pressure  breathing  without  the  hazards 
associated  with  exposure  to  high  altitude. 

Having  completed  preparatory  training  and 
“through  the  wall”  exercises  the  subjects  carritd 
out  rapid  decompressions  (RD)  to  a  series  of  final 
altitudes;  45,000  ft,  50,000ft,  55,000ft  and  6O,O0Uft- 
In  each  case  the  base,  pre-RD,  altitude  was  chosen 
to  reflect  a  51b. in’  differential  across  the  cockpit 
wall.  The  RD  itself  occurred  over  three  srx:ond.s, 
followed  by  a  two  minute  period  at  the  final  altitude 
Descent  from  that  altitude  was  then  carried  out  at  a 
recompression  rate  of  lO.OOOfl/minute.  At  the  final 
altitudes  the  subject  pressure  breathed  at  the  requi¬ 
site  level  with  subsequent  reduction  in  breathing 
pressure  as  the  chamber  was  recompressed  until  by 
approximately  38,000ft  mask  cavity  pressure  was  at 
ambient  plus  safety  pressure.  During  descent  from 
altitude  the  enhanced  anti-G  trouser  inflation 
declined  in  parallel  with  breathing  pressure. 

The  observations  made  and  recorded  have  been 
divided  into  the  physical  and  the  physiological  and 
listed  in  Table  1.  The  inflation  pressure  of  the  chest 
counter-pressure  garment  is  equal  to  mask  cavity 
pressure. 

Table  1.  Human  High  Altitude  Rapid  Decompres¬ 
sions, 

Physical  and  Physiological  Data  Krconled 

Data  I'niis 

Ambient  Pressure  (Altitude)  mmlig 

Mask  Cavity  Pressure  mmHg 

Anti-G  Trouser  Pressure  mniHg 

Electrocardiograph 

Heart  Rate  Beats.minute  ’• 

Blood  Pressure  mniHg 

Arterial  Oxygen  Saturation  % 

Partial  Pressures  of  Oxygen  mmHg 

Carbon  Dioxide  mmHg 

Nitrogen  mmHg 

Respiratory  Flow  litres.minute ' 

Respiratory  V'entilation  litres.minute ' 

Electrocardiograph  (ECG)  was  displayed  to  the 
second  medical  officer  and  recorded.  The  beat  to 
beat  heart  rate  was  derived  from  the  R-R  interval  of 
the  ECG,  Arterial  oxygen  saturation  was  measured 
by  indirect  oximetry. 

Blood  pressure  was  monitored  with  the  relatively 
novel  Finapres  device  which  provides  a  non-invasiw 
continuous  display  of  arterial  blood  pressure.  In  a 
comparative  assessment  of  Finapres  with  intra¬ 
arterial  measurement  of  blood  pressure  during 
pressure  breathing  this  non-invasive  monitor  has 


been  shown  to  ofler  a  high  degree  of  accuracy.'" 
Moreover,  although  the  Finaprea  will  operate  at 
higher  altitude  than  reported  by  the  manufacturer, 
it  was  found  to  be  more  satisfactory  to  have  the 
monitor  on  the  outside  of  the  chamber  with  the  lead 
to  the  patient/subject  interface  module  passing 
through  a  gas-ti^t  seal  in  the  chamber  wall.  Blood 
pressure  is  measured  at  the  finger  and  the  finger 
culf  worn  by  the  subject  is  connected  to  the  interface 
module  by  both  pneumatic  and  electronic  leads. 
Changes  in  ambient  pressure  and  rapid  decompres- 
sions  do  not  adversely  affect  the  measurement  of 
blood  pressure  by  this  device  but  the  subject  is 
required  to  keep  his  hand  at  the  level  of  the  aortic 
valve  to  avoid  the  necessity  of  making  a  hydrostatic 
pressure  correction  to  the  recorded  blood  pressure. 

Respiratory  observations  included  the  breath-by 
breath  measurement  of  the  partial  pressures  of 
nitro^n,  oxygen  and  carbon  dioxide,  by  mass  spec¬ 
trometry.  R^piratory  frequency  could  be  observed 
from  the  traces  of  the  mass  spectrometer  or  from 
the  respiratory  flow.  Integration  of  flow  measure¬ 
ments  provid^  an  indication  of  ventilation. 

Subject-borne  instrumentation  consisted  of  ECG 
chest  leads  and  on  the  right  hand  the  probe  for 
measurement  of  oxygen  saturation.  In  addition,  on 
another  finger  of  the  same  hand  was  worn  a  Fin- 
apres  blood  pressure  cuff  and  the  patient  interface 
module  was  strapped  to  the  back  of  the  hand.  Thus 
the  left  hand  was  free  to  rotate  the  pressure  breath¬ 
ing  mask  toggle  at  the  time  of  the  rapid  decompres¬ 
sion.  The  subjects  wore  a  conventional  RAP  flying 
coverall  and  helmet  but  the  P/Q  series  mask  was 
substantially  modified  to  incorporate  a  port  for  the 
mass  spectrometer  probe  and  a  pressure  tapping 
leading  to  a  mask  cavity  pressure  transducer, 
branched  to  a  mercury  manometer  used  for  direct 
observation  by  the  medical  offleer  in  charge  during 
the  period  of  pressure  breathing.  The  mask  also  had 
an  additional  inlet  for  an  entirely  independent 
supply  of  100%  oxygen  for  emergency  use.  Finally, 
over  the  counter-pressure  waistcoat  the  subjects 
wore  a  oonventional  Life  Saving  Jacket. 

From  experience  it  was  found  preferable  to  take  the 
breathing  pressure  sensing  signal,  used  in  anti-G 
trouser  inflation  control,  from  the  supply  hose  rather 
than  the  mask  cavity  itself.  This  reduced  any  ten¬ 
dency  for  anti-G  trouser  inflation  to  hunt  in  re¬ 
sponse  to  breathing  patterns. 

The  satisfactoty  conduct  of  these  experiments  re¬ 
quired  a  team  of  at  least  eight  personnel  including 
three  medical  oflicers,  in  culdition  to  a  subject  pool  of 
six.  One  medical  officer  acted  as  a  chamber  safety 
olficer,  being  himself  deoompreesed  to  on  intermedi¬ 
ate  altitude  of  16,000ft  in  the  part  of  the  chamber 
adjoining  the  one-man  capeule  occupied  ly  the 
subject.  Throughout  the  procedure  updates  on  end- 
tidal  partial  pressure  of  oxygen,  blood  pressure  and 
heart  rate  were  given  to  the  medical  officer  in 
charge.  This  data  and  all  other  physical  and  physio¬ 
logical  information  measured  was  recorded  on  paper 


and  FM  tape.  By  prompt  attention  to  the  changing 
physiological  state  of  the  subject  it  was  hoped  that 
should  an  individual  fail  to  sustain  an  adequate 
response  to  the  challenge  action  could  be  taken 
immediately  to  prevent  him  suffering  a  collapse. 

RESULTS 

A  full  report  of  the  results  obtained  in  Ibis  large 
series  of  experiments  is  beyond  the  scope  of  a  paper 
intended  instead  to  detail  the  techniques  adopted  to 
assess  the  physiological  responses  to  a  specific 
stress.  However  some  of  the  consistent  patterns 
emerging  from  the  data  will  be  reviewed. 

The  adverse  cardiovascular  and  respiratory  conse¬ 
quences  of  positive  pressure  breathing  are  well 
known.  The  most  severe  effects  are  increasing 
expiratory  difficulty  and  a  falling  cardiac  output 
due  to  inadequate  venous  return  in  the  presence  of 
high  intrathoracic  pressure.  This  manifests  itself  as 
a  rising  heart  rate  and  falling  blood  pressure  leading 
to  collapse.  To  assess  the  effectiveness  of  the  support 
measures  it  is  therefore  appropriate  to  examine  the 
increase  in  blood  pressure  induced  by  the  pressure 
breathing  and  how  that  rise  is  influenced  by  the 
partial  pressure  assembly  including  any  differentia! 
counter-pressure.  The  physiological  optimum  may  be 
predicted  to  be  the  system  that  results  in  the  great¬ 
est  increase  in  blood  pressure  with  the  smallest 
increase  in  heart  rate.  The  response  can  be  exam¬ 
ined  further  by  taking  account  of  any  disparity 
between  the  influence  on  systolic  and  diastolic  blood 
pressure  and  whether  the  optimal  assembly  at  a  low 
level  of  pressure  breathing  continues  to  be  most 
favourable  throu^out  the  range  of  required  breath¬ 
ing  pressures. 

A  sample  of  part  of  a  trace  is  given  in  Figure  1  and 
it  is  evident  that  on  rapid  decompression  mask 
cavity  pressure  rises  immediately  to  the  required 
level  and  appropriate  anti-G  trouser  inflation  is 
initiated.  The  influence  on  arterial  blood  pressure 
is  easily  observed  but  we  have  sought  to  quantify 
that  effect  by  calculating  the  change  in  systolic, 
diastolic  and  mean  blood  pressures  associated  with 
the  use  of  the  various  assemblies  and  enhanced 
lower  body  counter-pressure.  In  general  the  greater 
the  added  pressure  in  the  mask  during  pressure 
breathing  the  greater  the  observed  elevation  of 
arterial  blood  pressure. 

The  physiological  data  obtained  from  experiments  in 
which  subjects  wore  the  Mk4  PPJ  /anti-G  trousers 
combination  provide  a  standard  against  which  the 
responses  obtained  when  differentia]  counter-pres¬ 
sure  aseemblies  were  worn  can  be  measured.  A|. 
though  this  work  continues  a  interesting  trend  is  ap¬ 
pearing.  This  type  of  effect  is  seen  in  Figure  2  in 
which  the  changes  in  mean  blood  pressure  and 
heart  rate  in  one  subject  following  rapid  decompres¬ 
sion  to  45,000, 60,000,  55,000  and  60,000ft  are 
shown.  The  associated  mask  cavity  pressures  are  30, 
45,  60  and  70mmHg  respectively.  Data  for  the  Jerkin 
system  and  enhanced  lower  garment 
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Figure  1 .  A  record  of  seven  of  the  fourteen  variables  monitored  during  a  rapid  decompression  from  22,500 
to  60,000ft.  In  this  experiment  the  subject  wore  standard  RAF  Mk4  Partial  Pressure  Jerkin  and 
anti-G  trousers. 


Figure  2.  A  record  of  the  changes  in  heart  rate  and  mean  blood  pressure  observed  in  a  subject  during  a  series 
of  rapid  decompressions  to  45,000,  50,000, 55,000  and  60,000ft  whilst  wearing  uniform  and  enhancsHj  lower 
body  counter-pressure  garments. 
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counter-pressure  are  presented.  Blood  pressure  is 
raised  consistently  by  pressure  breathing  to  a  level 
rather  less  than  the  applied  pressure.  However,  in 
general,  when  enhanced  lower  body  counter-pres¬ 
sure  is  used,  a  greater  rise  in  BP  is  seen  and  the 
positive  chronotropic  effect  is  diminished. 

Wearing  the  jerkin  and  anti-G  trousers,  ie  the 
standard  assembly,  a  well  trained  subject  can  gener¬ 
ally  tolerate  a  two  minute  exposure  to  at  least 
55,000ft  but  heart  rates  are  raised  considerably  and 
subjective  discomfort  limits  are  being  reached. 
Similar  circulatory  changes  are  observed  when  indi¬ 
viduals  use  the  experimental  waistcoat  with  the 
anti-G  trousers  inflated  to  breathing  pressure. 
However  we  have  seen  one  case  of  this  leading  to  a 
presyncopa]  state  requiring  an  accelerated  recom¬ 
pression.  A  more  satisfactory  response  is  seen  with 
enhanced  lower  counter-pressure  garment  inflation 
and  in  several  cases  the  use  of  four  times  breathing 
pressure  to  inflate  the  anti-G  trousers  has  been 
observed  to  induce  an  even  more  physiologically 
advantageous  response.  However,  this  is  not  necc.^- 
sarily  a  significantly  greater  effect  and  may  or’v  t 
obtained  at  an  unacceptable  price  in  terms  r ,  s' '  -o- 
tive  tolerability. 

A  consideration  of  the  relevant  inflati'  n  pressures 
may  suggest  an  explanation  for  the  effects  observed. 
In  circumstances  of  a  one  to  four  ratio  between 
upper  and  lower  oounter-pres.ures,  with  a  breathing 
pressure  of  VOmmHg  the  anti-G  trouser  inflation 
pressure  is  280mmHg.  Although  substantially  lower 
than  trouser  inflation  under  G,  it  is  nonetheless  a 
considerable  load  on  tue  abdomen  and  le^.  Indeed 
such  an  anti-G  trouser  inflation  pressure  will  exceed 
the  maximum  pressure  in  the  femoral  arteiy  at  the 
inguinal  area  and  therefore  arterial  supply  to  the 
lower  limbs  may  be  reduced  or  abolish^  in  the  face 
of  such  counter-pressures.  There  may  still  be  benefit 
in  terms  of  substantial  and  sustained  compression  of 
the  venous  compartment  but  it  is  unlikely  to  be 
significamly  greater  than  would  be  achieved  with 
an  inflation  of  210mmHg>  i.e.  as  occurs  with  a  ratio 
of  one  to  three.  Finally,  the  greater  compression  over 
the  abdomen  may  provide  a  greater  degree  of  respi¬ 
ratory  support.  However  our  results  would  suggest 
that  the  end-tidal  oitygsn  levels  are  not  significantly 
improved  by  use  of  a  four  to  one  ratio  and  ventila- 
tic  1  may  even  by  impaired  since  moving  the  dia- 
p'.it  igm  against  high  intra-abdominal  pressure  may 
br  made  considerably  more  difficult. 

i'his  pattern  of  response  has  been  seen  in  both 
“throu^  the  wall”  experiments  and  at  simulated 
high  altitude  following  rapid  decompression.  How¬ 
ever  hypoxia  itself  can  have  a  presser  effect  and 
therefore  the  greatest  rises  in  blood  pressure  can  be 
expected  to  be  associated  with  rapid  decompressions. 
Heart  rate  is,  not  surprisingly,  generally  higher 
during  rapid  decompression  experiments  than 
“through  the  wall’  ones  but  the  proportionate 
changra  can  still  be  observed. 


CONCLUSIONS 

Our  studies  suggest  that  enhanced  lower  body 
counter-pressure  can  offer  substantial  benefits  in 
respect  of  circulatory  support  during  positive  pres¬ 
sure  breathing.  However  the  subjective  discomfort 
of  high  ratios  has  to  be  considered  and  unless  a 
significant  benefit  can  be  offered  by  applying  more 
than  three  times  breathing  pressure  in  the  anti-G 
trousers  it  may  be  more  appropriate  to  limit  counter¬ 
pressure  to  that  level.  This  is  based  on  the  assump¬ 
tion  that  the  area  of  coverage  provided  by  the  anti-G 
trousers  is  that  obtained  with  conventional  gar¬ 
ments.  It  remains  to  be  seen  if  the  adoption  of  in¬ 
creased  coverage  anti-G  trousers  for  enhanced  G 
protection  may  offer  the  possibility  of  reducing  the 
ratio  still  further,  perhaps  to  a  mere  doubling  of 
breathing  pressure. 
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RESUME  :  Lcs  avions  de  combat  actuels  sont  caracterises  par  le  fait  que  leurs  equipages 
peuvent  etre  soumis  a  plusieurs  types  de  contrainte  au  cours  d'un  meme  vol.  De  plus  sont 
apparues  de  nouvelles  technologies,  telles  que  les  concentrateurs  d’oxygene  a  tamis 
moleculaire  pour  les  sources  d’oxygene  ou  les  technologies  electroniques  pour  la 
commande  et/ou  le  controle  des  systemes  de  regulation.  Les  equipements  devoloppes  en 
Fiance  permcttcnt  prendre  en  compte  ces  nouvelles  donnees,  allant  de  la  generation  de 
gaz  respirable  de  fagon  illiraitee  par  les  concentrateurs  d’oxyg^ne,  avec  les  systemes  de 
regulation  a  basse  pression  associes,  a  la  protection  anti-G  utilisant  les  techniques  do 
la  surpression  respiratoire;  ces  fonctions  sont  integrees  au  sein  d'un  seul  equipement 
avec  multiplexage  d’ordres  au  sein  d'un  systeme  regroupant  les  fonctions  respiratoires 
et  anti-G.  De  nouvelles  potentialites  ont  ete  developpees  :  loi  de  dilution  altimetrique 
utilisable  avec  un  vetement  a  pressurisation  partielle,  compatibilite  de  ces  equipements 
avec  ceux  qui  n'ont  pu  y  etre  integres  :  equipements  de  protection  contre  le  froid  en 
cas  d' immersion  ou  equipements  de  protection  NBC. 


SUMMARY  :  New  generation  combat  aircraft  crew  can  be  submitted  at  many  kinds  of 
constraints  during  the  same  flight.  New  technologies  also  have  appeared,  such  the 
molecular  sieve  oxygen  concentrator  (MSOC)  or  the  electronic  technologies  for  command 
and/or  survey  of  the  regulation  systems.  The  equipments  developed  in  France  allow  to 
take  in  account  these  new  data,  from  the  unlimited  oxygen  supply,  with  low  pressure 
oxygen  regulation  systems,  to  anti-G  protection  thanks  to  the  assisted  positive  pressure 
breathing  fA-PPB).  These  functions  are  integrated  in  the  same  equipment  with  order 
multiplex  in  a  system  which  associates  respiratory  and  anti-^G  functions.  New 
perspectives  have  been  developed  ;  altimetric  dilution  schedules,  usable  with  a  partial 
pressure  suit,  compatibility  of  the  flight  equipment  with  non-integrated  functions  ; 
thermal  (cold)  protection  in  case  of  accidental  immersion  or  NBC  protection  equipments. 


Les  avions  de  combat  mis  en  service  depuis  10  ans  environ  dans  les  differentes 
forces  aeriennes  sont  caracterises  par  le  fait  que  plusieurs  contraintes  physiologiques 
majeures  sont  susceptibles  d'etre  rencontrees  au  cours  d'un  meme  vol.  Les  avions  de 
generations  precedentes  en  effet,  du  fait  de  leur  aerodynamique ,  de  leurs  possibilites 
d'emport  en  carburant,  ou  encore  du  fait  de  lour  systeme  d'armes,  ne  pouvaient  effectuer 
plusieurs  types  de  mission  au  cours  d'un  meme  vol,  meme  s’ils  etaient  reputes 
polyvalents.  En  quelque  sorte  leur  mission  etait  fixee  des  le  decollage  :  mission  en 
haute  altitude,  mission  de  combat  ou  mission  de  penetration  lointaine  avec  survol 
maritime  eventuei.  II  etait  des  lors  logique  de  ne  proteger  I’equipage  que  contre  cette 
seule  contrainte,  d'ou  des  equipements  de  vol  qui  ne  repondaient  qu’a  une  seule  fonction 
equipements  anti-G,  equipements  de  haute  altitude  ou  combinaisons  d' immersion.  La 
compatibilite  de  ces  differents  equipements  entre  eux  n'avait  pas  ete  particulierement 
etudiee.  Equipements  stratosph4riques  ou  equipements  d’ immersion  etaient  en  general 
compatibles  avec  le  pantalon  anti-G  mais  ne  1' etaient  pas  entre  eux;  il  en  etait  de  meme 
des  equipements  de  protection  chimique. 

La  mise  en  service  d' avions  reellement  polyvalents  a  entraine  la  necessite  de 
1'jetudiw‘i  CCS  problemes  de  polyvalence  et  de  compatibilite  (1,2,9).  La  France  avait  par 
aillcurs  a  resoudre  une  autre  difficult^  qui  etait  que  son  equipement  stratosph^rique 
etait  tres  performant,  de  la  classe  100,000  ft  pendant  1  heure,  ce  qui  veut  dire  aussi 
qu'il  etait  juge  par  ses  utilisateurs  trop  lourd  et  trop  encombrant;  en  particulier  le 
casque  etait  un  veritable  casque  de  scaphandre.  Ensuite  1' Emergence  de  nouvelles 
technologies  etait  A  meme  de  modifier  certaines  donnAes  ;  introduction  des 
concentrateurs  d'oxygdne  a  tamis  moleculaire  (4,8)  a  autonomie  quasi-illimitee  mais  A 
basse  pression  d' alimentation  du  regulateur  d'oxyqene,  apparition  de  systemes  A  commande 
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a  iui  voillance  dlectronique,  integralcs  oa  partielles  (6,7).  Physiologiquement 
onfin  il  nous  a  eto  dcmande  d’unc  part  de  bcaucoup  mieux  cerner  les  circonstances  de 
misc  on  oeuvre  des  equipements,  en  particulier  par  une  bien  meilleure  prise  en  compte  du 
factour  temps,  d* autre  part  d’inclure  dans  les  etudes  la  necessaire  amelioration  de  la 
tolerance  aux  forts  facteurs  de  charge  (3,5).  Les  equipements  etudies  on  France 
intogrent  done  plusieurs  fonctions  de  protection  au  sein  d’un  memo  ensemble,  systeme  de 
regulation  et  equipement  personnel  de  voi;  ces  differentes  fonctions  apparaissent  dans 
le  premier  tableau,  la  France  ayant  developpe  des  prototypes  de  systemes  de  regulation 
dans  les  deux  technologies  disponibles,  la  tcchnologie  electronique  et  la  technologie 
pneumatique.  Ces  deux  systemes  ayant  ete  developpes  d'apres  des  hypotheses,  des  concepts 
physiologiques  et  des  textes  reglementaires  communs,  leurs  performances  sent  tres 
proches  du  point  de  vue  de  leur  efficacite  physiologique . 


Tableau  n*  1  :  analyse  des  fonctions  demandees 


Fonctions  realisees  : 

-  protection  centre  l‘hypoxie  d’altitude,  de  duree  quasi- 
illimitee  avec  I’emploi  de  concentrateurs  d'oxygene, 

*  protection  centre  la  haute  altitude  (fonction  de  surpression 
altimetrique) 

-  protection  contre  la  surpression  alveolaire  en  cas  de 
decompression  explosive 

-  protection  classique  contre  les  accelerations 

-  protection  evoluee  contre  les  accelerations  ■♦■Gz  soutenues  de 
haut  niveau  par  1 ' utilisation  do  la  surpression  respiratoire 

-  protection  contre  1* immersion 


Fonctions  compatibles  : 

-  protection  thermique  en  cas  d’immersion  (vetement 
d* immersion) 

-  protection  NBC 


Les  equipements  etudies  en  France  se  composent  d’un  systeme  complexe  de 
regulation  et  d'un  ensemble  d'equipements  personnels  de  vol.  Le  systeme  de  regulation 
comprend  un  regulateur  d'oxygene,  une  valve  anti-G  et  un  module  de  connexion  entre  ces 
deux  equipements;  le  module  de  connexion  agit  en  fait  fonctionnellement  par  multiplexage 
d'ordres.  Le  systeme  de  regulation  peut  etre  alimente  par  un  concentrateur  d’oxygene. 
L’ equipement  personnel  de  vol  est  decompose  en  plusieurs  sous-ensembles  :  un  equipement 
de  tete  (casque  et  masque),  un  gilet  pressurise  et  le  pantalon  anti-G  dont  le  role  est 
etendu  a  1' ensemble  des  fonctions  de  contre-pression  tegumentaire  de  la  partie  basse  du 
corps  (figure  n”  1), 

La  fonction  ventilatoire  est  assuree  par  un  systeme  a  la  demande  base  sur  un 
amplif icateur  pneumatique  (figure  n®  2).  La  France  a  recemment  developpe  deux  prototypes 
specialement  adaptes  aux  basses  pressions  d* alimentation  telles  que  celles  qui  peuvent 
etre  observees  en  aval  d'un  concentrateur  d'oxygene  a  tamis  moleculaire.  L’un  de  ces 
prototypes  utilise  la  technologie  pneumatique,  I’autre  la  technologie  electronique;  le 
schema  de  principe  est  cependant  Ic  meme  pour  les  deux  equipements  (figure  n®  3),  avec 
deux  caracteristiques  par  rapport  aux  schemas  traditionnels  precedents  :  tout  d’abord  le 
gain  de  1 ' amplif icateur  est  variable,  asservi  a  la  pression  d ' alimentation  du  regulateur 
d'oxygene,  qui  peut  varier  dans  un  rapport  voisin  de  10;  ensuitc  I’etac/e  de  sortie  du 
regulateur  est  double  en  raison  des  tres  basses  valeurs  de  pression  susceptibles  d'etre 
rencontrees  dans  ces  memes  conditions.  Les  performances  d’un  tel  regulateur  peuvent  etre 
decrites  sur  une  courbe  debit-pression  (figure  n®  4),  qui  montrent  d’excellentcs 
performances  pour  les  valeurs  nominales  de  pression  d' alimentation  du  regulateur  en  aval 
d'un  concentrateur  d'oxygene  et  un  ecretement  du  debit  de  sortie  du  regulateur  a  des 
valeurs  acceptables  en  cas  de  tres  basse  pression  d' alimentation,  correspondant  a  une 
anomalie  de  fonctionnement  de  la  source  de  gaz  respirable  (par  exemple  par  defaut  de 
pression  moteur). 

La  loi  de  dilution  altimetrique  a  ete  adaptee  au  port  d'un  vetement  a  contre- 
pression  tegumentaire  par  vessie  de  pressurisation.  Comne  ii  est  de  regie  sur  de  tels 
equipements,  la  vessie  de  pressurisation  thoracique  est  mont^e  en  parallele  sur  le 
circuit  ventilatoire.  Si  I'equipement  fonctionne  en  dilution,  est  introduit  un  risque 
hypoxigue  supplementaire  en  cas  de  decewnpression  rapide  de  la  cabine.  En  ce  cas  en 
effet,  la  poche  de  poitrine  est  remplie  d’un  melange  gazeux  adapte  a  I'altitude  de  la 
cabine  prealable  a  la  decompression;  son  ringage  progressif  par  la  ventilation  du  sujet 
apporte  un  retard  a  1' adaptation  des  gaz  alveolaires  et  impose  de  modifier  la  loi  de 
dilution.  En  premiere  analyse,  il  suffit  d’asservir  cette  loi  non  pas  a  la  pression- 
cabine  mais  a  la  pression-avion  pour  resoudre  cette  difficult^  (figure  n®  5).  Au  moment 
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DU  nous  I’avons  teste,  I'equipement  etait  prevu  pour  devoir  fonctionner  avec  un 
reservoir  d'oxygene  liquide;  il  convenait  done  de  pouvoir  economiser  I'oxygene.  D'autre 
part  cette  loi  etait  en  contradiction  avec  le  STANAG  3198  puisqu’elle  imposait  I’oxygene 
pur  des  18  400  ft  dans  la  cabine  ( les  avions  frangais  sont  pressurises  a  30  kPa). 
Ulterieurement  enfin,  clle  n’etait  pas  coherente  avec  toutes  les  performances  des 
concentrateurs  d'oxygene.  C’est  une  loi  intermediaire  entre  les  deux  courbes 
caracteristiques  qui  fut  choisie,  en  meme  temps  que  le  volume  de  la  vessie  du  gilet 
respiratoire  etait  minimise.  Les  essais  effectues  au  laboratoire  en  decompression  rapide 
sur  sujet  humain  ont  montre  la  validite  du  concept  d' utilisation  du  vetement  a 
pressurisation  partielle  avec  les  melanges  dilues  d'air  et  d'oxygene  choisis,  pour 
autant  que  le  volume  de  la  poche  de  pressurisation  ne  depasse  pas  2  a  2.5  dm3  lorsque 
I'equipement  est  utilise  avec  sa  surpression  normale  (de  4  a  5  KPa  environ).  Notons  pour 
terminer  sur  le  probleme  de  la  dilution  que  la  fraction  d'oxygene  peut  etre  reglee  soit 
depuis  le  regulateur  d'oxygene  soit  depuis  le  concentrateur  d'oxygene  lorsque  cette 
source  de  gaz  respirable  est  utilisee.  Dans  ce  dernier  cas,  le  regulateur  d'oxygene  est 
depourvu  de  la  fonction  de  dilution.  Connaissant  les  qualites  du  concentrateur  d’oxygene 
comme  f litre,  cette  caracteristique  peut  n’etre  pas  depourvue  d'interet  en  cas  de 
protection  centre  I'agression  NBC. 

La  loi  de  surpression  altinetrique  a  ete  adaptee  au  port  d'un  vetement  a 
pressurisation  partielle,  L'hypothese  est  faite  que  la  fonction  de  surpression 
altimetrique  impose  1' utilisation  d'oxygene  pur,  eventuellement  par  1 ’ intermediaire 
d'une  source  de  secours  lorsqu'un  concentrateur  d’oxygene  est  utilise.  En  effet,  compte- 
tenu  de  la  pressurisation  des  aeronefs,  il  est  exclu  de  devoir  utiliser  la  fonction  de 
surpression  altimetrique  autrement  qu'en  cas  de  defaillance  grave  et  rapide  de  la 
pressurisation.  L'utilisation  de  la  source  de  secours  d’oxygene  pur  est  alors  licite. 
Nos  premiers  essais,  realises  avec  la  loi  de  surpression  haute,  correspondant  au 
maintien  strict  de  la  pression  de  19.6  kPa  (147  mm  Hg)  dans  I’alveole  pulmonaire,  soit 
I’altitude  eguivalente  de  39  000  ft,  ont  montre  I’inadaptation  de  cette  loi.  En  accord 
avec  d'autres  travaux,  la  loi  de  surpression  a  ete  abaissee,  tenant  compte  d'une  part  de 
I'hypocapnie  due  a  une  constante  hyperventilation  au  cours  de  la  respiration  en 
surpression,  d'autre  part  de  la  brievete  de  I'exposition  a  la  haute  altitude.  Il  est 
ainsi  possible  d’admettre  une  diminution  de  2.5  kPa  environ  de  la  surpression  par 
rapport  a  la  valeur  nominale  a  60  000  ft.  Techniquement,  le  pantalon  anti-G  est  utilise 
pour  assurer  la  contre-pression  tegumentaire  de  la  partie  inferieure  du  corps.  Cette 
fonction  est  obtenue  par  renvoi  de  I’ordre  de  surpression  altimetrique  vers  I'etage  de 
sortie  de  la  valve  anti-G.  Le  dispositif  de  multiplexage  des  ordres  pneumatiques  assure 
la  fiabilite  du  dispositif,  en  particulier  pour  assurer  les  priorites  d’ordres  et  eviter 
1' envoi  de  la  surpression  anti-G  vers  la  partie  respiratoire  de  I’equipement. 

Le  risque  de  surpression  alveolaire  en  cas  de  decompression  explosive  est 
attenue  a  travers  deux  Elements  :  une  soupape  expiratoire  specifique  pour  le  masque  et 
le  gilet  de  contre-pression  thoracique.  La  soupape  expiratoire  a  ete  dimensionnee  pour 
permettre  1* evacuation  rapide  des  gaz  au  cours  de  la  decompression.  Pour  la  vessie  du 
gilet  respiratoire,  e'est  la  courbe  de  compliance  (courbe  pression-volume )  qui  a  ete 
optimisee  pour  permettre  I'application  d’une  contre-pression  peri-thoracique  suffisante 
au  moment  de  1?  decompression.  Les  caracteristiques  de  cette  vessie  de  pressurisation 
thoracique  sont  done  determinees  pour  minimiser  a  la  fois  le  risque  hypoxique  en 
decompression  rapide  et  le  risque  de  surpression  alveolaire  en  decompression  explosive. 

La  protection  classique  contre  les  accelerations  +Gz  de  longue  duree  est  assuree 
de  fagon  traditionnelle  par  la  valve  et  le  pantalon  anti-G.  Dependant,  sur  cet 
equipement,  cette  fonction  habituelle  a  ete  fortement  amelioree,  en  meme  temps  qu’une 
fonction  supplementaire  etait  apportee.  Techniquement,  le  gonflage  du  pantalon  anti-G  a 
ete  accelere  par  des  modifications  internes  importantes  de  I'cnsemble  de  la  chaine  anti- 
G  :  augmentation  des  sections  de  passage  des  gaz,  reduction  des  volumes  internes  de  la 
valve  anti-G,  utilisation  du  concept  de  pression  maximale  des  le  declenchement .  Ensuite 
le  fonctionnement  de  la  valve  anti-G  a  ete  adapte  a  l’hypothese  du  fonctionnement  avec 
un  concentrateur  d'oxygene,  c*est-a-dire  que,  seul,  I’etage  de  commande  est  alimente  en 
gaz  par  le  concentrateur  (compatibilite  vis-a-vis  du  systeme  de  multiplexage  avec  le 
regulateur  d’oxygene),  I'etage  de  sortie  de  la  valve  anti-G  etant  alimente  en  gaz 
directement  par  I'air  comprime;  c’est  une  technologie  de  valve  anti-G  dite  hybride. 
Enfin,  et  peut-etre  surtout,  la  mise  au  point  de  ? 'equipement  VHA  90  en  France  pour  les 
besoins  de  la  protection  en  haute  altitude  nous  a  conduits  a  developper  un  equipement 
qui  permet  de  tolerer  des  valeurs  elevees  de  surpression  respiratoire,  jusqu'a  10  kPa 
environ,  dans  des  conditions  de  contort  jusque  la  peu  connues.  Des  lors  pouvait  etre 
reactivee  une  idee  an^ienne  qui  n'avait  pu  etre  rendue  operationnelle  ;  l’utilisation  de 
la  surpression  respiratoire  pour  ameliorcr  la  tolerance  aux  accelerations  +Gz  soutenues 
et  de  haut  niveau.  Le  concept  d’ integration  de  I’ensemble  de  regulation  permettait  de 
realiser  aisement  cette  fonction,  en  commandant  I'etage  de  surpression  respiratoire  par 
un  ordre  en  provenance  de  la  valve  anti-G  :  il  s'agit  bien  d'un  ordre  de  commande  de  la 
valve  anti-G  et  non  du  renvoi  de  la  pression  anti-G  elle-meme  dans  le  circuit 
ventilatoire.  Les  resultats  de  cette  fonction  ont  ete  etudies  au  sein  de  notre  groupe 
par  Clere,  qui  les  presente  dans  une  autre  communication. 

Une  autre  fonction  ne  presentc  pas  de  particularites  physiologiques  notables  : 
e'est  la  fonction  anti-iimersion  sous  la  forme  du  gilet  de  sauvetage  integre.  Par  contre 
un  effort  particulier  et  un  choix  specifique  ont  conduit  a  assurer  la  compatibilite  de 
cet  equipement  avec  deux  autres  equipements  qui  ne  pouvaient  lui  etre  integres  :  il 
s’agit  de  la  combinaison  d' immersion  et  d'eventuels  equipements  de  protection  NBC.  Le 
choix  a  etc  celui  de  supprimer  les  manches  de  I’equipement  a  pressurisation  partielle;  a 
I'origine  de  ce  choix  demande  par  les  techniciens,  nous  avons  fait  l’hypothese  d’une 
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P^rt  que  le  reservoir  vasculaire  que  representent  les  membres  superieurs  n’est  pas 
jonsiderable ,  d'autre  part  qu‘en  haute  altitude  les  problemes  d’aeroembolisme,  qui 
n’ apparaissent  pas  immediatement  des  I’exposition  a  I'altitude,  ne  seront  pas  majours. 
Les  essais  re.:lises,  aussi  bien  dans  les  conditions  de  la  surpression  altimetrique  que 
dans  le  cadre  de  la  surpression  anti-G  ont  demontre  la  validite  de  la  premiere 
hypothese.  Les  essais  en  altitude  n‘ont  pas  perrais  d’observer  de  cas  d' aeroembolisme 
dans  les  conditions  de  la  decompression  rapide,  bien  que  tous  les  essais  aient  ete 
effectues  sans  denitrogenation  prcalable,  avec  utilisation  de  melanges  gazeux  air- 
oxygcne;  la  deuxieme  hypothese  etait  done  consideree  comme  validce  elle  aussi. 

Parmi  les  fonctions  non  encore  integrees  dans  les  equipements  personnels,  figure 
en  premier  lieu  la  protection  thermique,  cette  fois  dans  Ic  sens  de  1 ’evacuation  de 
chaleur  hors  de  1  ‘ organisrr-:  du  pilote,  lorsque  celui-ci  revet  combinaison  d’immcrsion  ou 
equipomont  NBC.  La  protection  pare-eclats  n’est  pas  envisagee;  la  compatibilite  de 
1' ensemble  de  tete  deer  it  avec  des  dispositifs  de  visualisation  portes  par  le  casque 
n’est  envisagee  a  I'heure  actuelle  que  sous  son  aspect  theorique. 

En  conclusion,  a  ete  developpee  en  Prance  depuis  10  ans  environ  une  nouvelle 
generation  d ’ equipements  qui  permettent  d'integrer,  au  sein  d'un  seul  ensemble,  diverses 
fonctions  qui  doivent  permettre  a  un  equipage  d'avions  de  combat  d'etre  protege  centre 
les  differents  facteurs  nocifs  du  vol,  quelles  que  soient  les  contraintes  rencontrees. 
Ces  contraintes  sont  aussi  bien  des  contraintes  d’environnement  (altitude  sous  tous  ses 
aspects,  agressions  thermiques  de  toutes  formes,  risques  toxicologiques)  que  des 
contraintes  biodynamiques,  sous  la  forme  des  accelerations  +Gz  de  haut  niveau  et  de 
longue  durce. 
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Figure  2:  Schema  fonctionnel  d'un  regulateur  d'oxygene  de 
conception  tradi tionnel le . 


O2  supply 


Figure  3:  Schema  fonctionnel  d'un  regulateur  d'oxygene 

adapte  aux  tres  basses  pressions  d ' alimentation 
en  oxygene  (concentrateur  d'oxygene). 

Les  schemas  des  figures  2  et  3  s'appliquent  aussi 
bien  en  technologie  pneumatique  qu ' en  technologie 
electronique . 


Figure  4:  Courbes  pression-debit  au  masque  obtenues  avec  un 
regulateur  d'oxygene  adapte  aux  basses  pressions 
d' alimentation. 


Figure  5:  Loi  de  dilution  altimetrique  utilisable  avec  un 

vetement  a  pressurisation  partielle,  comprise  entre 
les  deux  courbes  theoriques,  etablies  soit  en 
fonction  de  la  pression  cabine,  soit  en  fonction  de 
la  pression  avion. 
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SUMMARY 

New  physiological  protection  systems  are 
needed  in  order  to  keep  the  pilot  in  control  of 
the  aircraft  during  high  G  and  high  altitude 
maneuvers.  A  model  has  been  developed  for  air 
flow  in  a  multi-bladder  physiological  protection 
system.  Each  bladder  of  the  protection  system 
is  modelled  as  a  flexible  pressure  vessel.  The 
governing  equations  are  derived  for  fluid  flow 
from  one  vessel  to  another.  The  equations  are 
simplified  by  five  assumptions  which  are  based 
on  the  fluid  being  compressible  and  inviscid. 
The  result  is  a  set  of  nonlinear  differential 
equations  which  describe  the  isentropic  pres¬ 
sure  variation  within  the  vessels.  The  equations 
are  integrated  numerically,  and  yield  the  ther¬ 
modynamic  quantities  within  each  vessel  as  a 
function  of  time.  Based  on  the  differential  equa¬ 
tions,  a  computer  simulation  of  the  flexible  pres¬ 
sure  vessel  model  has  been  performed.  The 
simulation  allows  for  many  possible 
configurations  and  scenarios.  Five  basic 
configurations  are  discussed  in  this  paper. 

LIST  OF  SYMBOLS 

heat  capacity  at  constant  pressure 
Cv  heat  capacity  at  constant  volume 

e  internal  energy  per  unit  mass 

h  internal  enthalpy  per  unit  mass 

M  Mach  number 

m  mass 

m  mass  flow  rate 

P  pressure 

R  universal  gas  constant 

s  entropy  per  unit  mass 

T  temperature 

V  volume 

u  velocity 

7  specific  gas  ratio 

p  density 


1.  INTRODUCTION 

Physiological  protection  from  high  G  and 
high  altitude  environments  is  essential  for 
fighter  aircraft  pilots.  The  standard  G  protection 
system  consists  of  an  anti-C  suit  controlled  by 
an  anti-G  valve,  in  combination  with  L  1  and 
M  1  maneuvers  performed  by  the  pilot.  A  regu¬ 
lator,  mask,  and  chest  jerkin  provide  positive 
pressure  breathing  (PPB)  for  additional  protec¬ 
tion  ftom  high  G  and  high  altitude.  However, 
with  the  increase  in  aircraft  maneuverability, 
present  protection  systems  have  limited  use. 

New  physiological  protection  systems  have 
been  proposed.  One  proposed  system  is  a 
multi-bladder  suit  where  the  pressure  in  each 
bladder  is  controlled.  The  bladder  coverage 
includes  the  calfs,  thighs,  abdomen,  chest,  as 
well  as  arms,  forearms  and  hands.  Other  sys¬ 
tems  involve  designing  new  regulators  and  C- 
valves.  The  basic  mechanism  of  these  systems 
is  to  alter  the  pressure  within  the  bladders  by 
controlling  the  air  flow  from  one  vessel  to 
another.  If  the  air  flow  between  pressure  vessels 
is  modelled,  then  a  generic  system  of  pressure 
vessels  can  be  generated.  The  objective  of  this 
research  is  to  develop  a  model  of  the  air  flow  in 
a  multi-bladder  physiological  protection  system. 

With  a  generic  mathematical  model  any 
specific  system  (current  or  proposed)  can  be 
implemented,  simulated,  and  analysed  by  com¬ 
puter.  The  simulation  displays  the  system 
dynamics  as  a  function  of  time.  With  the  sys¬ 
tem  dynamics,  bladder  material  and  coverage, 
inflation  priority,  pressure  schedules,  etc.,  can 
be  optimised.  Thus,  an  iterative  design  pro¬ 
cedure  can  be  performed  before  the  hardware  is 
built  and  tested. 

The  governing  equations  for  the  flow  are 
based  on  the  general  flow  equations  [1], 
simplified  by  five  assumptions  which  allow  the 
flow  to  be  described  as  isentropic.  The  assump¬ 
tions  are  specified  in  section  2  and  are  related  to 
the  fluid  dynamics  of  a  compressible  and  invis¬ 
cid  fluid.  The  system  model  is  described  as  a 
set  of  first  order,  nonlinear,  multi-variable,  cou¬ 
pled  differential  equations  which  yield  the  pres¬ 
sure  within  each  vessel.  Included  in  the  an^ysis 
are  the  mass,  volume,  and  temperature  varia¬ 
tions  due  to  the  change  in  pressure  within  each 
vessel. 

The  mathematical  model  is  implemented 
and  simulated  for  the  following  basic  multi- 
bladder  configurations  and  scenarios; 


1.  Flow  from  a  rigid  pressure  vessel  to  the 
atmosphere  (e.g.  a  venting  supply  tank) 

2.  Flow  from  a  rigid  pressure  vessel  into  a 
rigid  pressure  vessel  (e.g.from  a  breathing 
regulator  to  a  mask) 

3.  Flow  from  a  rigid  pressure  vessel  into  a 
flexible  pressure  vessel  (e.g.  a  supply  tank 
inflating  an  anti-G  suit) 

4.  Pressure  profile  of  a  volume  driven  vessel 
(e.g.  lungs) 

5.  Simulation  of  a  multi-bladder  configuration 
(e.g.  breathing  regulator,  mask,  chest  jerkin, 
and  lungs) 

2,  ASSUMPTIONS 

Air  flow  from  a  high  pressure  source  into  a 
pressure  vessel  is  described  as  compressible 
flow  of  an  inviscid  fluid  [2].  The  conservation 
equations  of  mass,  momentum,  and  energy  are 
simplified  by  the  following  five  assumptions, 
which  reflect  the  nature  of  the  flow  between  the 
vessels. 

2.1,  Inviscid  Fluid 

An  inviscid  fluid  assumes  that  viscous 
effects  are  negligible  in  comparison  to  inertial 
effects.  This  is  true  for  air  and  oxygen  in  anti-G 
suits,  che.st  Jerkins,  etc.. 


2.6.  Governing  Equations 

From  these  assumptions,  the  continuity, 
momentum,  and  energy  equations  are  expressed 
as  follows: 


dP 

dx 


de  „du 

dx  dx 


2.1 

2.2 

2.3 


where  p  is  the  density,  u  is  the  velocity,  P  is  the 
pressure,  and  e  is  the  internal  energy  of  the 
fluid,  at  a  point.  An  alternate  expression  for  the 
energy  equation  (equation  2.3)  in  terms  of  the 
enthalpy  h  is  as  follows: 

dll  du  ... 

T  = 

dx  dx 

p 

where  /i  =  e - .  Substituting  equation  2.2 

p 

into  equation  2.4  yields  a  relationship  between 
enthalpy  and  pressure  along  a  streamline: 

dx  p  dx 

In  the  next  section,  it  is  shown  that  equation  2.5 
is  an  identical  expression  of  the  isenU'opic 
assumption  which  yields  the  isentropic  relation¬ 
ships. 


2.2.  No  Body  Forces 

It  is  assumed  .jiat  li:’  body  forces  (e.g.  grav¬ 
ity,  electro-magi  etic)  cting  on  the  fluid  are 
negligible  with  respc^i  to  the  change  in  momen¬ 
tum  of  the  fluid.  This  is  true  for  most  ga.ses. 

2.3.  Quasi-Steady  Flow 

Steady  flow  assumes  that  the  variation  of  a 
quantity  (i.e.  velocity,  pressure,  density)  with 
time  Is  small  in  comparison  to  its  variation  in 
the  flow  direction,  and  thus  time  derivatives  are 
neglected.  Quasi-steady  flow  assumes  that  the 
flow  is  steady  during  a  short  period  of  time. 
Given  initial  conditions,  the  steady  flow  govern¬ 
ing  equations  are  solved  for  a  short  period  of 
time.  New  values  are  found  at  the  end  of  the 
interval,  and  are  used  as  the  initial  conditions 
for  the  following  interval,  and  so  on. 

2.4.  One-dimensional 

It  is  assumed  that  the  fluid  properties 
change  mainly  in  the  direction  of  fluid  flow. 
Boundary  layers  and  eddy  currents  are 
neglected. 

2.5.  Adiabatic 

In  an  adiabatic  process  the  heat  entering  the 
system  from  the  outside  is  negligible.  That  is, 
the  temperature  change  due  to  heat  traasfer  from 
the  outside  is  small  compared  to  the  temperature 
change  due  to  pressure  variation  within  the 
bladder. 


3.  ISENTROPIC  RELATIONSHIPS 

The  second  postulate  of  thermodynamics 
{3)  is  expressed  mathematically  as  follows: 

ds^^de  +  ^d-  3.1 

T  T  [pj 

where  s  is  the  enaopy  and  T  is  the  tempterature 
of  the  fluid  at  a  point.  In  terms  of  enthalpy: 

ds  =  \:dh  -  ^dP  3.2 

T  Tp 

The  isentropic  assumption  states  that  the  change 
in  entropy  is  zero  during  the  process  (i.e. 
ds  =  0).  Therefore  equation  3.2  becomes: 

dh  =  —dP  3.3 

P 

Equation  3.3  is  the  general  relationship  between 
enthalpy  and  pressure,  and  it  holds  along  a 
streamline  (equation  2.5)  as  well  as  at  a  point  m 
time  passes.  Therefore  the  compres-sible  inviscid 
fluid  flow  described  above  is  an  isentropic  pro¬ 
cess. 

The  isentropic  relationships  are  obtained  by 
substituting  dh  =  CpdT,  where  Cp  is  the  h^ 
capacity  at  constant  pressure,  and  by  integrating 
equation  3.3.  The  isentropic  relationship 
between  T  and  P  is:  ^ 

T  =  CiP  '<  3.4 


i 


« 


where  C  l  is  a  constant  of  integration.  The  ideal 
gas  law  is  used  to  solve  for  the  isentropic  rela¬ 
tionship  between  p  and  P: 

_i_ 

p  =  C2P'l  3.5 

The  isentropic  relationships  are  used  to  find  a 
set  of  differential  equations  for  the  multi- 
bladder  system. 


4.  DIFFERENTIAL  EQUATION 

Equation  3.5  is  differentiated  with  respect 
to  time  to  yield  an  expression  between  the  pres¬ 
sure  within  the  bladder,  the  mass  within  the 
bladder,  and  the  volume  of  the  bladder  as  fol¬ 
lows; 

_ \  dm  I  dV 

yP  dt  m  dl  V  dt 

Equation  4.1  is  the  differential  equation  which 
describes  how  the  pressure  changes  as  the 
vessel’s  mass  and  volume  changes.  Each  term 
of  the  equation  is  discussed  below. 


4.1.  Rate  of  Change  of  Mass 


dm 


4.2 


The  rate  of  change  of  ma.ss  with  time, 

within  a  control  volume  is  equal  to  the  sum  of 
mass  How  rates  into  the  control  volume,  m,„, 
minus  the  sum  of  mass  flow  rates  out  of  the  con¬ 
trol  volume,  That  is: 

dm  _ . 

m  is  defined  as  follows: 

m  =  p,u,A  4.3 

where  A  is  the  minimum  cross-sectional  area  of 
the  outlet  duct,  and  p,  and  u,  are  evaluated  at 
the  minimum  cross-sectional  area  (or  the 
"throat")  of  the  duct,  p,  and  u,  are  expressed  in 
terms  of  p  and  P  at  a  stagnation  point  within  the 
vessel  (h  =  0),  and  P,,  the  throat  pressure.  From 
equation  3.5,  p,  becomes; 


Pf  =  P 
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From  equation  2.4  and 
expressed  as  follows; 


equation  3.4,  u,  is 


2yRT 


(Y-  1) 


1  - 
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Substituting  equations  4.4  and  4.5  into  equation 
4.3  yields  an  expression  for  m  in  terms  of  the 
vessel  conditions  and  the  throat  prc.ssure: 

y_  /-r  I  Y 


PA 

niou,  =  ^ 


Y-l 


Similarly,  is  the  mass  flow  rate  from  an 
adjacent  vessel  with  a  greater  pressure,  say 
Ps  >  P  (s  refers  to  "supply"  conditions).  The 

expression  is  as  follows: 

' 

P 


2l 

Y-l 


Ps 


1  - 
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A  maximum  flow  rate  is  obtained  when  the 
throat  Mach  number  is  equal  to  one.  This  is 
called  choked  flow.  The  mach  number  is  calcu¬ 
lated  by  re-arranging  equation  4.5,  where 

“»  I - 

M,  =  — ,  and  a,  =  \y/tT ,  is  the  speed  of  sound 
^1 

at  the  throat: 


4.8 


Y-l 


izi  1 

p 

Y  , 

[p, 

■] 

Substituting  M,  =  1,  and  solving  for  the  pres¬ 
sure  ratio  yields: 


P 


Y+1 


Y-l 
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I^uation  4.9  is  substituted  into  equation  4.6  and 
'”max  is  as  follows: 

-I±i. 


PA 


Y+1 


2(Y-1) 


4.10 


I^r  air  and  oxygen,  choked  flow  occurs  when 
-y  <  0.5283. 


4.2.  Rale  of  Change  of  Volume 


dV 


The  rate  of  change  of  volume,  — .  is  a 

dt 

function  of  the  material  properties  of  the  pres¬ 
sure  ves,sel.  If  the  vessel  is  rigid,  then  —  ->  0 

dt 

and  the  differential  equation  becomes; 

_1_  dP 1  dm 

yP  dt  m  dt 

dV 

If  the  vessel  is  flexible,  then  —  is  a  function  of 
dt 

pressure.  The  differential  equation  becomes: 
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J_ 

YP 


1  dV 
V  dP 


dt 


1  dm 
m  dt 


4.12 


dV 


where  depends  on  material  properties.  If 
the  vessel  volume  is  actively  driven  (e.g.  a  pis¬ 
ton  or  a  lung),  — —  is  a  known  function  of  time. 
dt 


4.6 


4.3.  Temperature  Variation 

The  temperature  changes  within  each  vessel 
due  to  changes  in  pressure.  This  is  seen  from 
the  isentropic  relationships  (equation  3.4).  A 
detailed  analysis  shows  that  the  temperature 
obeys  the  Ideal  Gas  Law,  even  when  one  con¬ 
siders  the  mixing  of  gases  at  different  initial 
temperatures.  Therefore,  given  the  pressure, 
mass,  and  volume,  the  temperature  can  be  calcu¬ 
lated  at  a  point  in  time  and  along  the  flow  path. 

5.  COMPUTER  SIMULATION 

A  differential  equation  has  been  derived 
which  describes  the  pressure  variation  within  a 
vessel.  Given  a  particular  multi-bladder 
configuration,  a  set  of  differential  equations 
describes  the  system  (each  differential  equation 
is  of  similar  structure).  The  differential  equa¬ 
tions  are  nonlinear  due  to  the  isentropic  rela¬ 
tionships  and  the  velocity  varying  with  the 
square  root  of  the  temperature.  The  differential 
equations  are  multivariable  and  coupled  due  to 
the  pressures  which  appear  in  the  mass  flow  rate 
terms.  Solutions  to  the  differential  equations 
must  therefore  be  found  numerically. 

The  objective  is  to  implement  a  computer 
algorithm,  based  on  the  differential  equations, 
which  simulates  various  multi-bladder 
configurations  and  scenarios.  A  single  vessel 
algorithm  is  generated  first,  then  two  vessels, 
then  multiple  vessels.  The  goal  is  to  allow  the 
user  to  obtain  an  overall  picture  of  how  the  ther¬ 
modynamic  properties  vary  within  the  system. 


5.1.  Flow  from  a  Rigid  Pressure  Vessel  to  the 
Atmosphere 

The  differential  equation  below  describes 
the  flow  from  a  rigid  vessel  to  the  atmosphere: 


where  is  given  by  equations  4.6  and  4.10. 
Note  that  P,  =  Pam  ‘s  constant.  For  a  given  ini¬ 
tial  pressure,  temperature,  volume,  and  cross- 
sectional  area,  the  computer  predicts  the  ther¬ 
modynamic  properties  as  a  function  of  time. 
Figure  I  is  the  pressure  within  the  rigid  vessel 
as  a  function  of  time.  Initially.  P  =  1800 
mmHg,  P,  =  760  mmHg,  T  =  20"  C,  and  V  =  5 
liters,  and  A  =  1  in^.  The  plot  shows  P  reaches 
P,  in  1.78  seconds. 
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5.2.  Flow  From  a  Rigid  Vessel  into  a  Rigid 
Vessel 

Two  differential  equations  describe  the  flow 
from  a  rigid  vessel  into  a  rigid  vessel.  The  dif¬ 
ferential  equation  for  the  higher  pressure  is 
identical  to  equation  5.1.  The  differential  equa¬ 
tion  for  the  lower  pressure,  P/,  is  as  follows: 


dPi  yPi  . 
at  mi 


5.2 


where  the  mass  flow  rate  is  common  to  both 
equations.  Figure  2  shows  four  pairs  of  pressure 
versus  time  curves.  Each  pair  represents  identi¬ 
cal  initial  configurations,  except  the  lower  pres¬ 
sure  vessel  volume  is  different  in  each  case  (i.e. 

is  0,  '/i.  1.  and  2).  Initially,  P  =  1800 

mmHg,  P;  =  760  n^mHg,  T  =  T;  =  20"  C.  V  =  5 
liters,  and  A  =  1  in*.  For  a  given  volume  ratio, 
the  system  reaches  its  equilibrium  pressure.  For 
example,  for  a  volume  ratio  of  one,  the  equili¬ 
brium  pressure  is  1280  mmHg.  For  a  volume 
ratio  of  a  half,  the  equilibrium  pressure  is  1453 
mmHg.  The  time  to  reach  the  equilibrium  pres¬ 
sure  decreases  as  the  volume  ratio  increases. 
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5.3.  Flow  From  a  Rigid  Vessel  into  a  Flexible 
Vessel 


VO  differential  equations  describe  the  flow 
from  a  rigid  vessel  into  a  flexible  vessel.  The 
different!^  equation  for  the  rigid  vessel  is  ident¬ 
ical  to  equation  5.1.  The  differential  equation 
for  the  flexible  vessel  is  similar  to  equation 

4.12,  where  was  found  from  experimental 

data  for  a  CSU  13B/P  anti-G  suit.  The  data 
were  fitted  to  the  following  expression: 

^=u(b-e-'’^).gPy  5.3 

Figure  3  shows  3  pairs  of  pressure  versus  time 
curves.  The  lowest  pair  is  the  flow  from  the 
rigid  vessel  (5  liters)  into  a  flexible  vessel.  The 
middle  pair  is  the  flow  from  the  rigid  vessel  into 
a  rigid  vessel  whose  volume  is  equal  to  the  final 
volume  of  the  flexible  vessel  (6.1  liters).  The 
highest  pair  the  flow  from  the  rigid  vesse.  into  a 
rigid  vessel  whose  volume  is  equal  to  the  initial 
volume  of  the  flexible  vessel  (2.5  liters).  Ini¬ 
tially,  P  =  18(X)  mmHg,  P/-  =  760  mmHg, 
T  =  7y  =  20"  C,  and  A  =  1  in^.  As  exp^ted,  the 
inflation  time  of  the  flexible  vessel  is  longer 
than  two  rigid  vessels. 


5.4.  Pressure  Profile  of  a  Volume  Driven 
Pressure  Vessel 


A  piston  open  to  the  atmosphere  has  a 
volume  which  varies  sinusoidally.  The  differen¬ 
tial  equation  describing  the  pressure  within  the 

piston  is  equation  4.1,  where  —  is  as  follows; 

at 


dV 

dt 


=  (0 


coscor 
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Figure  4  shows  pressure  and  volume  versus 
time  curves.  InitiMly,  P  =  760  mmHg,  T  =  20" 
C,  Vmi„=500  ml  Vmax  =  1000  ml.  <0  =  4 
rad/sec,  and  A  =  1  in^.  The  pressure  obtains  the 
same  frequency  as  the  volume.  In  addition  to 
the  sinusoidal  volume  function,  the  algorithm 
includes  a  linear  volume  function  (which 
approximates  an  Ml  or  LI  maneuver). 


1000 

Pressure 

“  / 

t 

s  Figure/'4 

t  t  ' 

\  <  *  .  1 

/ 

900 

! 

“  1 

_ 1 

L.' 

(mmHg) 

n 

800 

-  ; 

j-^p  ' 

t 

7 - 1 

•N, 

700 

-  ' 

1  » 

. 

* 

Volume 

’  ' 

600 

(ml) 

500 

_  / 

»  » 

'V 

1  *  / _ L. 

\ 

1 

'  $ 

\ 

0  12  3  4 


Time  (sec) 


5.5.  Multi-Bladder  Configuration 

The  resultant  computer  algorithm  allows  for 
any  number  of  pressure  vessels  connected  in 
any  configuration  (parallel  or  series).  An  exam¬ 
ple  of  this  is  described  below.  Vessel  1  is  a 
large,  rigid  vessel  whose  initial  pressure  is  1800 
mmHg.  All  other  vessels  are  initially  at  760 
mmHg.  Vessel  2  is  a  flexible  vessel.  Vessel  3 
is  a  small,  rigid  vessel.  Vessel  4  is  an  active 
vessel  with  a  sinusoidal  input.  Vessel  1  is  con¬ 
nected  to  vessels  2  and  3.  Vessel  3  is  connected 
to  vessel  4.  The  system  is  closed  to  the  atmo¬ 
sphere.  Figure  5  shows  the  pressure  versus  time 
curves  for  each  vessel.  The  curves  are  reason¬ 
able,  but  not  readily  predictable. 


Time  (sec) 

In  general,  this  simulation  is  capable  of 
determining  the  therm<xlynamic  properties 
within  each  vessel  connected  in  series  and/or 
parallel.  The  vessels  may  be  rigid  or  flexible,  or 
have  an  actively  changing  volume  (sinusoidal  or 
linear).  Also,  various  gases  may  be  used.  The 
possible  configurations  and  scenarios  are  unlim¬ 
ited. 

Ihe  computer  algorithm  generates  the  dif¬ 
ferential  equations  automatically  based  on  the 
following  questions: 

What  are  the  vessels’  initial  P,  V,  and  T? 

What  is  the  vessel  type  (i.e.  rigid,  etc.)? 

How  are  the  vessels  connected? 

What  is  A  min  between  each  vessel? 

The  computer  then  generates  the  appropriate 
differentia  equations  for  each  vessel,  integrates, 
and  outputs  the  desired  thermodynamic  property 
for  any  specified  vessel. 

6.  CONCLUSIONS 

A  mathematical  model  has  been  developed 
based  on  the  governing  equations  for  isentropic 
fluid  flow.  For  a  given  multi-bladder  physiolog¬ 
ical  protection  system,  a  set  of  differential  equa¬ 
tions  are  generated  and  integrated  to  yield  the 
thenrwxlynamic  properties  as  functions  of  time. 
This  information  can  be  used  in  the  design  of 
multi-bladder  physiological  protection  systems 
Issues  arising  fi-om  this  work  include  the 
optimisation  of  physiological  protection  sys¬ 
tems.  For  instance,  an  anti-C  suit  can  be 
modelled  and  simulated,  and  the  material  pro¬ 
perties  and  suit  dimensions  can  be  varied  and 
optimised  over  a  range  of  supply  pressures. 
Another  issue  is  the  development  of  valves  and 
regulators  controlling  bladder  pressures.  The 
designer  can  use  the  model  to  test  various  valve 
designs  and  control  strategies. 
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SUMMARY 

A  partial  pressure  assembly  comprising  a  chest  counter 
pressure  garment  (CCPG)  and  full-cover  anti  G  trousers 
(FAGTS)  has  been  designed  and  constructed  to  flight 
standards  in  the  Aircrew  Integration  Section  of  RAE,  and  Is 
illustrated  in  Fig  1 . 

The  CCPG  is  a  simple  two  layer  outer  garment  located  under 
the  life-preserver  and  suppli^  with  breathing  gas  from  the 
demand  regulator. 

The  FAGTS  comprise  a  single  bladder  which  covers  the 
abdomen,  legs  and  feet  retained  by  an  outer  Inextensible 
layer  of  Nomex,  with  the  ability  to  be  donned  quickly  by 
employing  zips  and  low  friction  lacing  for  final  fit  adjustment. 
Gas  supplied  from  a  suitably  programmed  G-valve  inflates 
the  garment  to  provide  protection. 

Details  of  the  design  approach  and  the  developmental 
stages  to  date  are  given  together  with  an  outline  of  the 
anthropometric  considerations  required  to  provide  a  snug 
fitting  assembly  from  a  limited  size  roll. 

INTRODUCTION 

The  chest  counter-pressure  garment  (CCPG)  current 
development  began  in  RAE  in  September  1986  with  a  simple 
'over  the  head'  design  to  prove  the  concept  and  has 
evolved  through  a  further  three  designs  to  it's  current  state 
of  split-bladder  with  off-centre  zip  closure. 

Concurrently  the  development  of  the  FAGTS  was  com¬ 
menced  in  ^>rll  1 988,  progressed  rapidly  through  soma 
design  changes  on  the  bsals  of  assessments  made  by  the 
RAF  Institute  of  Aviation  (lAM)  using  their  man-carrying 
centrifuge,  to  what  is  essentially  the  current  design  which 
was  first  flown  from  RAE  in  the  lAM  Hawk  aircraft  in 
February  1989. 

Developments  since  that  time  have  been  concerned  mainly 
with  improving  comfort,  mobility,  sartorial  elegance  and  with 
facilitating  easier  donning/doffing.  The  short  time  taken  to 
produce  this  flight-worthy  assembly  is  attributable  to  the 
excellent  working  relationship  which  exists  between  the  two 
research  organisations  co-located  at  Farnborough  whereby 
RAE  can  design  and  construct  in  its  clothing  laboratory, 
garments  mads  to  the  physiological  requirements  and 
functional  evaluations  provided  by  lAM. 

DESIGN  CONSIDERATIONS 

RAE  decided  from  the  outset  that  there  was  little  benefit  to 
be  gained  by  trying  to  adapt  old  patterns  of  earfy  pressure 
garments,  or  by  modifying  existing  in-service  garments  in 


an  attempt  to  extend  the  boundaries  of  the  protection  they 
provided. 

New  RAE  designs  and  patterns  were  constructed  aimed  at 
achieving  maximum  bladder  coverage  to  investigate  the 
improvement  in  protsctbn  levels  that  this  would  provide, 
with  the  assumption  that  reduction  in  bladder  cover  would 
be  a  relatively  easy  matter  once  the  functional  garments 
had  been  designed.  In  the  event,  it  has  been  found  that 
petechial  haemorrhaging  occurs  on  areas  of  the  skin  not 
covered  by  the  bladder  following  periods  of  exposure  to 
sustained  high  G  when  garments  >vfth  reduced  coverage,  or 
gaps  in  coverage,  have  been  worn.  These  results  make  it 
seem  unlikely  that  much  reduction  will  be  possible  if  the 
protection  levels  so  far  achieved  are  to  be  maintained. 

Separate  garments.  CCPG  and  FAGTS,  have  been 
developed  mainly  to  give  ease  of  mobility  and  greater 
versatility  of  Titting  than  a  one-piece  suit  would  allow,  but 
this  does  mean  that  the  area  of  overlap  in  the  waist/ 
umbilical  region  needs  special  consideration. 

The  question  of  fit  of  full-cover  trousers  is  extremely 
important  to  mobility,  comfort  and  operational  effectiveness 
and  certain  critical  features  must  be  borne  in  mind  if  the 
best  fit  possible  is  to  be  achieved.  For  instance,  the  correct 
location  of  the  crotch  of  the  FAGTS  is  essential  since  it  both 
inhbits  step-up  actions  if  k  is  too  low,  and  affects  the 
posKion  of  the  articulated  segment  on  the  trouser  leg  which 
must  be  centred  on  the  knee  joint  to  be  effective. 

The  sizing  of  the  experimental  partial  pressure  garments  to 
date,  has  been  detennined  mainly  by  the  requirements  to 
equip  resident  and  visiting  aircrew  or  subjects  lor  laboratory 
trials,  and  therefore  has  been  somewhat  empirical  and 
piecemeal. 

However,  as  with  all  aircrew  protective  clothing,  the  real 
problem  of  sizing  to  be  addressed  is  that  of  maximising  the 
proportton  of  the  aircrew  population  which  can  be  fined  to  an 
acceptably  high  standard  by  a  limitad  size  rol  of  garments 

Accordingly  RAE  has  now  derived,  using  previously 
published  methodology  (Ref  1),  a  complele  theoretical  size 
roll  for  FAGTS  which  is  due  to  be  manufactured  under 
contract  in  the  near  future.  This  nine  size  rol  is  based  on 
the  application  of  anthropometric  data  from  the  survey  of 
2000 IW  aircrew,  (Ref  2)  using  waist  ckcumferenoe  and 
crotch  height  as  the  control  dimensions.  The  3x3  size  grid 
is  shown  in  Fig  2  and  is  expected  to  accommodate  98%  of 
the  UK  aircrew  popuMbn. 

The  simple  design  of  the  CCPG  renders  kS  sizing  less  of  a 
problem  and  the  size  rok  for  this  gannenl  wil  be  based  on 


chest  circumference  and  cervical  (or  nape  of  neck)  to  waist 
length. 

brief  history  of  development 

(a)  Chest  Counter  Pressure  Garments  (CCPG) 

The  Type  1  was  a  simple  garment  which  comprised  four 
layers,  a  single  bladder  which  surrounded  the  chest 
contained  within  an  outer  layer  of  non-extensible  fabric  and 
a  low  frictiorr  iinin^  The  patterns  for  this  design  are  shown 
in  Fig  d.  This  CC^  was  donned  over  the  head  like  a  'pull¬ 
over',  lacing  adjustment  was  provided  down  each  side  to 
ensure  a  snug  fit. 

The  Type  1  design  was  intended  as  a  Toof  to  allow  lAM  to 
investigate  schedules  of  positive  pressure  breathing  with  G 
(PBG).  however  the  programme  progressed  so  quickly  to 
flight  trials  that  this  rather  bulky  laboratory  design,  albeit 
constructed  to  flight  standards,  attracted  criticism  of  its 
fallibility  for  operational  use  rather  than  its  demonstrable 
functional  effectiveness  (Ref  3). 

Other  designs.  Types  2  and  3,  involved  variations  in 
positioning  of  the  bladder  split,  tailoring  the  waist,  changes 
to  the  blazer  shape  to  allow  maximum  freedom  of  arms  and 
neck.  These  changes  resulted  in  a  greatly  reduced  dead 
space  volume  and  the  patterns  are  illustrated  in  Rg  4. 

The  Type  4  CCPG  is  the  current  design  and  is  shown  in 
Fig  S.  It  has  an  off-centre  split  with  a  zip  closura,  both 
shoulders  are  closed  and  adjustment  is  made  by  sym¬ 
metrical  side  lacing  adjustments.  This  is  a  two  layered 
construction  using  a  composite  fabric  of  nylon-butyl-nylon 
on  the  outside  and  a  butyl-nykm-butyl  inner,  which  provides 
effective  chemical  hardening. 

This  garment  has  been  made  to  locate  within  the  life- 
preserver  (LP)  for  quick  donning  as  shown  in  Fig  6; 
combining  the  CCF^  with  the  LP  so  as  to  have  a  single- 
action  closura  has  not  yet  been  satisfactorily  resolved. 

A  total  of  4'  CCPGs  has  been  produced  in-house  at  RAE  for 
development  and  assessment  purposes. 

(b)  Full  Cover  Anti  G  Trousers  (FAGTS) 

The  FIAE  programme  for  the  development  of  FAGTS  started 
with  a  two-layered  design,  the  Type  1,  which  effectively 
meant  that  the  bladder  was  the  garment,  but  this  approach 
was  not  pursued  because  of  the  difficulties  in  providing  all 
the  shaping  necessary  to  provkts  fH  and  mobility,  while  still 
retaining  the  gas  tight  integrity  of  the  trousers.  However, 
the  benefit  of  full-cover  protection  on  test  runs  with  sub¬ 
jects  on  the  centrifuge  was  sufficiently  apparent  to  merit  an 
immediate  follow-up  desigr.,  the  Type  2,  which  demort- 
strated  the  advantage  of  designing  a  fully  tailorsd,  easy  to 
construct,  inextensible  outer  layer  containing  a  simplified 
bladder.  The  patterns  for  this  developmsnt  are  shown  in 
Fig  7.  Used  in  conjunction  with  an  axparimantal  toeless 
wrap-around  fool  bladder  this  garment  was  finalised  in 
November  1988  so  as  to  aooommodate  a  range  of  wearers. 

By  February  1989  the  design  incorporated  a  fourth  layer, 
this  is  the  current  Type  3  FAGTS  design  Fig  8,  and  com¬ 
prises  an  outer  layer  of  Dame  retardant  inaxtansibla  material 
(Nomax)  which  is  adjustable  and  bearing  pockets,  a  butyl- 
nylon-butyl  Madder  (chemically  hardened)  and  a  silk  lining 
providing  improved  intar-garment  slip  to  aid  donning. 

The  Type  3  FAGTS  have  bean  flown  extanshraly  in  the  lAM 
Hawk  from  RAE  by  lAMfRAE  pilMs  and  by  visiting  European 


pilots,  and  have  been  provided  to  British  Aerospace  for  the 
European  Aircraft  Project  (EAP)  integration  flying  assess¬ 
ments.  A  total  of  41  Type  3  garments  have  been  oon- 
stnjclad  in  the  RAE  clothing  laboratory,  the  latest  of  which 
have  Indudad  if  welded  Makars  and  a  detachable  slip-on 
style  loot  bladder  which  is  easy  to  don  and  provides  very 
comfortable  foot  protection. 

(c)  Laboratory  and  flight  trials 

Assessments  ol  the  CCPG  and  FAGTS  assembly  using  the 
lAM  human  centrifuge  has  demonstrated  enhanced 
sustained  high  G  protection  in  excess  of  +9  Gj  while  at  the 
same  time  allowing  the  trial  subjects  to  speak. 

Flight  trials  of  this  partial  pressure  assembly  have  been 
conducted  in  the  lAM  Hawk  T  Mk  1  aircraft  both  at  RAE  and 
off-base  at  a  RAF  Tactical  Wea(^s  Training  Unit  in 
March  1989  (Ref  4),  lor  evaluation  by  experienced 
instructor  aircrew.  'The  findings,  some  of  which  are 
illustrated  in  Fig  9,  indicate  that  the  level  ol  protection 
afforded  by  the  installed  system  was  rated  very  highly,  1 7 
ol  the  19  subjects  having  found  a  dramatic  improvement  in 
their  G  tolerarx».  The  ability  of  the  aircrew  to  move  around 
within  the  cockpit  was  also  rated  highly  Indicating  minimum 
restriction  imposed  by  lull-cover  garments.  The  comfort 
rating  was  somewhat  biased  by  the  fact  that  only  one  size 
ol  FAGT  was  available  to  the  19  aircrew  who  participated  in 
the  trial,  and  ol  the  1 9  aircrew  who  wore  it  only  9  would  be 
deemed  to  have  been  a  correct  match  to  the  garment  size. 

It  these  facts  are  borne  in  mind  when  viewing  the  results  of 
the  user  questionnaires  in  (Ref  4),  the  donning/dofling, 
comfort  and  moMlity  assessments  become  more 
meaningful. 

FUTURE  DEVELOPMENTS  AND  REQUIREMENTS 

At  present  RAE  are  finalising  Madder  designs  which  will 
allow  easier  and  quicker  construction  using  rf  welding 
techniques  on  po^urethane  impregnated  fabrics.  Garment 
bulk  and  mass  has  been  significantly  reduced  from  the  early 
models  and  the  search  for  suitable  new  materials  to  make 
further  reductions,  continues. 

The  protection  of  the  feet  presents  problems  since  almost 
certainly  the  aircrew  will  want  to  remove  their  external 
FAGTS  while  in  the  crewroom  between  sorties,  without 
having  to  remove  flying  boots.  The  provision  of  a  connector 
between  the  foot  and  leg  introduces  a  potential  problem 
since  it  must  be  reliaMe,  fail  safe,  easy  to  use,  small,  low 
mass,  easily  integrated  with  the  lower  leg  and  of  course  be 
reasonably  priced.  To  date  RAE  have  been  able  to  provide 
a  connector  which  meets  most  of  these  requirements, 
however  we  are  still  seeking  a  lower  mass  and  less 
expensive  alternative. 

Attempts  have  been  made  to  reduce  bladder  coverage  by 
using  the  reaction  of  the  Madder  against  an  inextensible 
outer  or  by  removing  material  in  areas  where  it  was  thought 
that  little  benefit  would  be  dirived  from  applying  counter- 
pressure.  Because  of  the  pressure  sch^ules  employed 
the  effects  of  removing  material  causes  increased  mech¬ 
anical  strain  on  the  garment  which  results  in  distracting 
distortions  of  the  gannent  for  the  wewer.  Furthermore, 
areas  of  the  wearer  not  covered  by  bladder  tend  to  result  in 
varying  degrees  of  petechial  haemorrhaging  or  haemotoma 
which  generally  receives  negative  comment  from  the 
subject. 


In  our  opinion  having  achieved  protection  with  a  measure  of 
latitude  to  accommodate  the  whole  population  it  seems  a 
retrograde  step  to  reduce  effectiveness. 

With  regard  to  the  overall  integration  of  the  partial  pressure 
assembly  with  the  man.  which  meets  the  requirements  of 
having  a  role  specific  aircrew  equipment  assembly  (AEA)  to 
protect  against  all  threat  scenarios  including  the  NBC.  some 
questions  remain  to  be  addressed:  if  the  CCPG  uses  the 
breathing  gas  supply  to  pressurise  K.  what  safeguards  are 
needed  to  ensure  that  no  BC  agent  can  enter  the  breathing 
supply  if  the  CCPG  is  to  be  worn  as  an  outer  layer? 

Also,  if  the  CCPG  is  to  incorporate  a  compensated  dump 
valve  to  cope  with  over  inflation  on  rapid  decompressbn  at 
ahKuds  while  pulling  G,  then  how  will  this  vatva  be  protected 
from  an  ingress  of  BC  agenf  if  the  CCPG  is  worn  on  an 
outside  garment? 

The  donning/doffing  drills  which  are  a  major  part  of  the 
ground  operating  procedures  (GOPs)  will  be  derived  once 
the  order  of  the  assembly  has  been  established  and,  it  is 
expected  that  the  RAE  NBC  Test  Facility  (Ref  5).  will  play  an 
important  rote  in  the  determination  and  finalisation  of  these 
drills. 
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SUMMARY 

The  conclusions  drawn  from  the  work  undertaken  by 
NGL  indicate  that  lor  future  aircraft  systems  the 
combining  of  an  Anti*G  Valve  with  a  Breathing 
Regulator  into  one  unit,  provides  the  most  compact 
and  effective  system.  The  advances  made  by 
Research  Establishments  (both  RAF  lAM  and 
USAFSAM)  into  the  development  of  new  aircrew 
garments,  reduces  the  need  tor  quick  tesponse. 
electronic  controlled  valves,  thus  suggesting  itiai 
mechanically  controlled  systems  stilt  provide  the 
optimum  protection  (or  aircrew  under  high  acceleration 
conditions 


LIST  OF  ABBREVIATIONS 

BRAG  Breathing  Regulator  and  Anti-G 

ECU  Electronic  Control  Unit 

lAM  Institute  of  Aviation  Medicine 

Ins  W  G.  Inches  of  Water  Gauge 

mm  Hg  Millimetres  of  mercury 

NADC  Naval  Air  Development  Center 

NGL  Normalair-Garrett  Limited 

P.B.A  Pressure  Breathing  with  Altitude 

P.B  G  Pressure  Breathing  with  +G/ 

RAF  Royal  Air  Force 

TLSS  Tactical  Life  Support  System 

USAF  United  Slates  Air  Force 

INTRODUCTION 

NGL  have  been  involved  in  providing  military  aircrew 
breathing  systems  with  protection  against  altitude 
conditions  since  the  early  i950s.  this  basically  being 
the  provision  of  a  breathing  regulator  incorporating  a 
pressure  breathing  with  aiMucle  capability  iPfBAi 


The  PBA  schedules  were  mainly  established  by  the 
Royal  Air  Force  Institute  of  Aviation  Medicine  and  they 
satisfied  physiological  requirements  tor  altitudes  of  bO. 
60  and  70  thousand  feet 

The  most  comn'.on  altitude  reciuiremeni  ib  that  which 
derives  from  the  MK17  panel  mounted  regulator 
vjhere  a  pressure  ot  noniinaliy  17  ms  WG  is  provided 
at  50  thousand  feet  This  schedule  was  also  carried 
forward  into  the  miniature  man  mounteLi  units  and  the 
more  leceni  duplex  seat  mounted  units.  Type  317  and 
517  respectiveiy  Additionally  other  versions  of  the 
above  legulatofs  provided  a  pressure  ol  nominally 
3/. 5  ms  WG  at  60  thousand  feet  and  with  the  aid  ot 
partial  pressure  suits,  some  units  provided  protection 
up  to  70  thousand  feet 

Unlike  PBA.  where  NGL  fias  an  established  history. 
Pressure  breathing  with  G  iPBG)  is  a  relatively  new 
requiiement  with  our  experience  li’  dale  being  two 
(old 

For  U  S  programmes  NGL  provided  one  standard 
PBG  schedule  as  tdeniified  ai  FIGURE  i  This 
initiated  pressure  breathing  at  4g  increasing  linearly  at 
a  rate  ol  t2  mmHg  g.  with  a  plateau  of  3?  ms  WG 

For  RAF  lAM  programmes  a  numbui  ot  different 
schedules  were  provided  that  had  varying 
ciuudcienstics  However,  the  schedule  currently 
provided  tor  the  lAM  Hawk  aircraft  is  shown  at  m 
FIGURE  2  This  schedule  initiates  pressure  bieathiny 
at  2g.  mc.reasing  linearly  at  a  rate  of  1 1  mmHg  g  with  a 
plateau  of  29  ins  WG 


KlGURRl  :  Li.S.  I’RG  SCHKDULK 


FIGURE  2  :  HAWK  RBG  SCHEDULE 


DEVELOPMENT  OF  PBG 

The  mam  advances  m  breathing  regulators  over  recent 
years  has  been  the  development  ot  PBG  with  NGl 
having  approached  this  m  tiwo  ways.  Firstly  adapting 
existing  breathing  regulators  to  provide  PBG  and 
secondly  developing  the  concept  of  combining  the 
breathing  regulator  and  anti-g  valve  into  a  single  unit,  a 
concept  more  commonly  referred  to  as  BRAG  Valves- 

Origmally.  in  conjunction  with  RAF  lAM.  NGL  adapted 
the  standard  Hawk  type  Str  regulator  to  provide  PBG 
in  response  to  g  using  a  g  sensitive  module  This 
module  was  adapted  to  the  top  face  of  the  regulator 
and  utilised  the  bleed  flow  venting  from  the  existing 
Press-To-Test  port.  When  subjected  to  +  Ge  the 
module  reacted  and  instigated  PBG  to  a 
predetermined  schedule.  Trials  where  conducted 
under  the  jurisdiction  of  RAF  lAM  and  although 
successful,  It  was  concluded  that  the  concept  ot  G 
sensitive  regulators,  operating  independently  from  the 
aircraft  anti-g  system,  could  be  physiologically 
unsatisfactory  due  to  the  risks  of  providing  PBG 
without  inflation  of  the  aircrew  anii-g  suit. 

For  the  USAF  Tactical  Life  Support  System  (7LSS' 
programme.  NGL  developed  tho  principle  ot  only 
providing  the  aircrew  with  PBG  when  mtlaiion  ot  tiie 
anti-g  suit  had  occurred.  This  was  accomplished  by 
providing  the  breathing  regulator  with  a  pneumatically 
activated  PBG  module,  which  connected  directly  to  the 
anti-g  suit  supply  system.  This  principle  ensured  that 
PBG  would  only  be  provided  when  pressure  was 
supplied  to  the  anti-g  suit.  Successful  subieciive  test 
programmes  were  conducted  by  USAF  where  a  further 
improvement  in  G  module  design  was  established, 
which  was  to  provide  the  breathing  regulator  with  a 
supplemental  bleed  flow  under  *Gz  conditions  This 
supplemental  bleed  flow  ensured  the  regulator  control 
chambers  were  always  pnmed  to  improve  dynamic 
breathing  response  under  rapid  changes  of 
acceleration. 

A  schematic  diagram  ol  a  PBG  breaihu^g  lequiaioi  is 
shown  on  FIGURE  3  which  incorporates  the  improved 
module.  When  activaiecl  by  the  aircrait  g  system 
pressure,  the  valve  closes  to  restrict  reguiaf<;r  bleed 
How.  thus  allowing  the  Supplemer^ai  bleed  tiow  to  pass 
into  the  regulator  control  chamber  when  the  o  system 
pressure  decays,  the  valve  returns  to  the  rest  position 
and  ceases  the  supplemental  bleed  flow 

This  process  always  ensures  sufiicient  control 
pressure  -s  supplied  under  acceleration  conrlitions  K' 
ensure  the  regulator  provides  satisfactory  breathing 
performance 


Kirlhef  experimental  work  continued  with  RAf  lAM  to 
establish  suitable  test  units  tor  a  numher  oi  centrifuge 
and  flight  test  programmes  The  lyrx-  600  breathing 
regulator  developed  tor  the  Hamer  (jH6  aim.iah  arid 
again  the  Hawk  Typo  bi  /  wore  used 
Pressure  activated  PBG  modules,  based  on  that 
provided  for  the  TLSS  programme,  were  developed  for 
both  regulators  and  subjected  to  a  number  of 
centrifuge  test  programmes  and  flight  trials  m  the  lAM 
Hawk  and  Hunter  aircraft  The  rnodified  type  517 
being  now  standard  fit  on  the  lAM  Hawk  aircraft 

More  recently  NGL  adapted  the  CRU-88  P  man 
mounted  regulator,  produced  lor  tfie  U.S  Navy  NACES 
programme  to  provide  a  PBG  bcfiedi/e  Th»s  again 
employed  a  pressure  activated  module  which  v;as 
incorporated  by  deleting  the  existing  pressure 
breathing  aneroid  The  unit  was  subsequently 
supplied  to  NADC  tor  a  centrifuge  test  programme 

F'dch  of  these  aforementioned  activities  involving  NGL, 
utilise  separate  breathing  regulators  pneumatically 
"laikirKi  to"  indepenaent  anii-g  vaiven.:  which  tor  low 
attitude  requirements  could  be  salistat.tory 

For  altitude  conditions  above  40  thousand  feet 
however,  there  is  a  phys'ofogicai  requirement  to 
|)rovidt*  <.<*unler  pressure  on  the  lower  abdomeri  ai>d 
limbs  wfien  subjecfecf  to  pressure  breaihing 

Tfierefore.  to  ensure  this,  art  additional  con^munication 
link  between  the  anti-g  valve  and  breathing  regulator 
was  considered  together  with  the  combination  o!  the 
previously  mentioned  two  units  wl’iicfi  m  lum  began 
tlie  developmern  of  the  BRAG  Valve  within  NGl 


DEVELOPMENT  OF  THE  COMBINED  BREATHING 
REGULATOR  AND  ANTl-G  (BRAG)  VALVE 

Ttie  USA(  nSS  programme  "reaiiv  began"  NGLs 
development  programme  into  BRAG  valves  as  the 
system  provided  acceieratron  prorechon  lip  to  9G  and 
altiludo  protei.t'uri  up  to  60  thousand  f>-t‘L  IniJuvted  iri 
ttiib  system  was  a  pi^eumatic  breait-mg  reguLitor  and 
an  mdopeiidern  eleclronicalK  controlled  anti  g  valve 
riu;  ol.i|Ok.t  ot  ttie  system  was  to  pneuniaticaliy  initiate 
PBC'.  h\  linking  the  regulator  PBG  ncHiule  with  the 
su|)piy  system  to  the  anti-u  suit  Tor  altitude 
proferfiort  however,  both  breathing  ri>puialor  and  ante 
u  v.iivt,'  lunctioned  independently  to  i)rovide  a  PBA 
sri'eduiu  1“  the  aircrf'w  and  chest  ''-'criter  pressure 
(.larnifiit  anil  to  provide  4  limes  tin.*  th'iA  si  heduie  t>j 
tii«r  ,inti-(j  suit  tor  atliturles  .aliOve  4ij  Il■i>;^l•.al1d  feet 
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FIGURES  :  SCHEMATIC  DIAGRAM  OF  PBG  BREATHING  REGULATOR 


This  philosophy  was  further  advanced  by  NGL  wlien 
fully  developing  the  concept  ot  RRAG  by  comljinnuj 
the  independent  units  into  one  body  NGL  considered 
that  the  optimum  approach  would  be  to  develop  a  seal 
mounted  concept  that  incorporated  a  simple  breathing 
regulator,  an  antt-g  valve  and  a  personal  equipment 
connector  (PEC)  together  with  providing  the  anti-g 
valve  with  an  electronic  control  unit  (ECU),  which  was 
considered  necessary  to  provide  a  rapid  response 
system.  This  concept  of  BRAG  valve  enabled  all  the 
pneumatic  link  requirements  for  acceleration  protection 
to  be  integrated  within  the  one  body.  The  altitude 
protection  provided  by  the  valve  again  relied  on  the 
breathing  regulator  being  controlled  independently  to 
the  anti-g  valve,  where  the  ECU  controlled  the  inflation 
of  the  anti-g  suit  to  4  times  the  pressure  breathing 
schedule  above  40  thousand  feet. 

The  PBA  schedule  considered  for  this  unit  is  shown  on 
FIGURE  4.  PBA  is  initiated  at  nominally  39  thousand 
feet,  and  has  a  plateau  pressure  of  37.5  ms  WG  at 
nominally  53  thousand  feet,  which  is  maintained  to  the 
maximum  altitude  of  60  thousand  feet 

The  anti-g  valve  inflation  schedule  selected  lor  the 
BRAG  valve,  with  respect  to  acceleration  protection,  is 
shown  on  FIGURE  5,  which  follows  the  basic  algorithm 
of  outlet  pressure  =  1  5n-2.5  psig  (where  n  = 
absolute  'g'  level). 

To  fully  evaluate  this  BRAG  valve  concept.  NGL 
conducted  a  full  performance  test  programme  »n  the 
oxygen  laboratory  This  included  basic  performance 
tests  in  conjunction  with  simulated  acceleration  tests. 
Altitude  tests  were  performed  in  NGLs  test  chamber 
and  acceleration  tests  conducted  on  our  unmanned 
centrifuge.  To  further  evaluate  the  valve,  a  subieciive 
test  programme  was  arranged  and  conducted  on  the 
human  centrifuge  at  RAF  lAM. 

This  enabled  valuable  information  to  be  assessed  up 
to  acceleration  levels  of  +  9Gz  at  onset  rates  ot  i  and 
2  G  sec.  Under  simulated  conditions  this  BRAG  valve 
was  capable  of  pressurising  a  rigid  10  liue  capacity  to 
9.5  psig  in  0  5  seconds,  equivalent  to  an  onset  rate  of 
18  G  second. 


FUTURE  DEVELOPMENTS 

Sinci4  the  dt-veiopmen!  ut  NGl  s  DRAG  valve,  changes 
have  occurred  m  the  thinking  benmd  aircrew 
protection,  which  have  tended  tu  move  awjy  from  the 
need  for  rapid  response  valves 

In  this  case,  although  more  accurate  the  need  for 
efectronicaffy  controlled  units  is  lesc  apparent  as 
mechanically  controlled  systems,  are  just  as  capable 
of  fullilimg  current  specification  requirements  As  such 
NGL  have  evaluated  by  design  and  mathematical 
modelling  the  potential  performance  of  possible 
mechanically  controlled  systems. 

A  weakness  identified  during  these  evaluations  was 
the  potential  for  the  requirements  of  PBA  and  P8G  to 
be  additive.  NGL  has  developed  a  principle,  whereby 
any  new  system  has  the  ability  to  be  lulty  capable  of 
ensuring  that  addition  of  breathing  and  anti-g 
pressures,  will  not  occur,  should  attitude  and 
acceleration  conditions  occur  simultaneously  and  that 
only  the  higher  of  the  two  requirements  will  be 
delivered. 

This  requirement  is  being  actively  pursued  with  the 
U-S  Navy  A  number  ot  future  apphcafions  have  been 
addressed  including  the  dbiliiy  ot  a  man  mounted 
regulator  to  provide  both  pressure  breathing  altitude 
and  *G2  conditions,  this  being  based  on  NGLs' 
existing  CRU-88  P  regulator.  Additionally  NGL  are 
addressing  the  possible  requirement  of  providing  a 
simple  mechanical  BRAG  valve  that  would  be  capable 
of  replacing  existing  cockpit  mounted  equipment.  Both 
applications  being  based  on  the  proven  performance 
recorded  at  lAM  and  NADC  and  the  benefits  of 
extensive  company  input  through  development  testing 
and  mathematical  modelling 

To  further  highlight  NGLs  future  commitment  to  the 
advancement  of  military  breathing  systems,  the 
production  of  an  Air  Dilution  Panel  Mounted  Regulator, 
compatible  with  liquid,  gaseous  and  OBOG  systems, 
and  having  the  benelns  of  altitude  and  acceleration 
protection,  should  be  available  withm  iho  next  t2  to  18 
months  This  being  based  on  a  current  programme  to 
supply  a  trainer  aircraft  with  a  new  [;anel  mounted 
regulator. 


T - 1 - 1 — I - 1  M  I  1  I  I  I  I  1 

38  40  42  45  48  SO  52  55  58  60  65  20  25  80 

Cockpit  Altitude  (  X  14)00  ft) 


KIGURK  4  :  PBA  SCHEDULE 
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CONCLUSIONS 

To  conclude  tfus  shon  paper.  NGL  are  aware  ihat 
further  work  is  being  undertaken  by  a  nun^ber  ol 
aerofhedical  research  establishments  worldwide  and 
available  data  is  obviously  continually  updated  Many 
factors  will  effect  the  design  ot  aircrew  military 
breathing  equipment  and  through  the  close  liaison 
NGL  has  maintained  with  a  number  of  the  research 
establishments  we  continually  aim  to  meet  new 
demands  as  they  anse  Our  experience  tn  fMte  ha*^ 
shown  (he  ma(Or  requirements  for  acct-iei anon 
protection  move  away  from  Valves  and  lespunse  rates 
that  operate  on  the  principle  of  'the  faster  the  better’ 
to  the  improvement  of  aircrew  garments 


These  garment  improvements  have  significantly 
improved  aircrew  protection  using  existing  aircraft 
systems,  thus  substaniiatirig  (MGL's  view  that 
mechanical  control  systems  can  st'D  provide  the 
optimum  aircrew  protection  agamst  the  eltects  ot  high 
attitude  and  high  acceleration  conditions,  but  n  is  the 
irMegration  of  these  systems  mto  a  small  lightweight, 
sinule  component  wtnch  ohers  MGL  tht-  r  hjlienue  for 
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HIGH  ALTITUDE  HIGH  ACCELERATION  AND  NBC  WARFARE  PROTECTIVE  SYSTEM 
FOR  ADVANCED  FIGHTER  AIRCRAFT  -  DESIGN  CONSIDERATIONS 


by 
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Royal  Air  Force  Institute  of  Aviation  Medicine 
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The  physiological,  technical  and  flight  safety  aspects  of  the  design  of  an 
integrated  system  providing  protection  against  high  sustained  acceleration  short 
duration  exposure  to  high  altitude  and  NBC  warfare  agents  have  been  discussed. 
The  proposed  system  employs  a  molecular  sieve  oxygen  concentrator  and  seat- 
mounted  demand  regulator  and  anti-G  valve  together  with  a  source  of  clean 
filtered  air  and  an  emergency  gaseous  oxygen  supply.  The  personal  equipment 
assembly  comprises  counter  pressure  garments  worn  external  to  the  NBC  protective 
layer  and  a  man-mounted  filter.  The  filter  assembly  is  used  on  the  ground  with 
a  portable  ventilator;  in  the  air  connected  to  the  breathing  gas  supply;  and 
post  escape  as  part  of  a  lung  powered  respirator  system. 


INTRODUCTION 

Many  NATO  Air  Forces  have  possessed  individual  NBC  protective  assemblies 
for  use  by  aircrew  for  some  time.  UK  has  had  chemical  defence  assemblies  for 
aircrew  in  service  for  approximately  12  years.  These  assemblies  have  some 
limitations  however  since  integration  with  in-service  aircraft  oxygen  systems 
does  not  permit  utilisation  of  the  pressure  breathing  facilities  of  the  demand 
regulators  fitted  to  those  aircraft.  The  next  generation  of  high  performance 
aircraft  will  require  pressure  breathing  for  alrirude  protection  in  emergencies 
and  routinely  during  flight  manoeuvres  in  which  sustained  high  acceleration  is 
experienced.  It  is  essenti**!  therefore  that  the  requirements  for  a  combination 
of  NBC  protection  with  positive  pressure  breathing  capabilities  be  recognised, 
the  facilities  required  to  provide  this  combination  identified  and  the  problems 
of  achieving  a  satisfactory  assembly  highlighted.  It  must  however  be  remembered 
constantly  that  an  individual  protective  equipment  assembly  is  only  part  of  the 
system  which  is  needed  to  provide  complete  protection  and  permit  aircrew  to 
operate  in  a  contaminated  environment.  The  components  of  the  aircrew  NBC 
protective  system  are;  the  aircrew  respirator,  the  below  neck  protection, 
aircraft  supply  systems  and  the  ground  facilities  of  collective  protection  and 
contamination  control.  "Integration"  therefore  of  partial  pressure  assemblies 
with  NBC  protection  must  by  definition  integrate  with  the  other  components  of 
the  protective  system.  It  is  in  this  area  that  the  greatest  difficulty  is 
experienced  and  this  paper  addresses  those  various  components  and  considers 
those  design  aspects  of  the  individual  protective  assembly  which  are  necessary 
to  maintain  protection  against  NBC  agents  during  all  phases  of  preparation  for 
flight,  in  flight,  after  flight  and  post  escape. 

CHEMICAL  AND  BIOLOGICAL  (CB)  WARFARE  AGENTS 

The  spectrum  of  identified  CB  warfare  agents  and  potential  toxins  is  now 
recognised  •  as  a  continuium  from  classical,  totally  chemically  produced  agents 
through  synthesised  organic  compounds  to  the  true  agents  of  biological  origin. 
These  agents,  depending  on  their  nature,  the  presence  of  additives  and  the  mode 
of  delivery,  may  be  in  vapour,  aerosol  or  liquid  form  with  the  size  of  the  drops 
of  liquid  varying  over  a  wide  range.  Aircrew  are  at  risk  not  only  on  the  ground 
but  also  when  they  are  in  the  aircraft  if  liquid  contamination  has  been  carried 
into  the  crew  compartments  by  servicing  personnel  or  the  aircrew  themselves.  In 
addition  there  is  evidence  that  some  chemical  warfare  agents  may  pass  unchanged 
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through  the  engines  of  existing  aircraft  and  into  the  environmental  control 
system.  particularly  when  the  engine  power  setting  is  low.  The  classical  CV 
agents,  against  which  effective  protection  is  already  in  service,  can  be 
classified  into  three  categories  namely  the  vesicants,  the  nerve  agents  and 
other  CW  agents.  It  is  the  extreme  toxicity  of  the  nerve  agents  which  in  low 
doses  affects  vision  by  producing  constriction  of  the  pupil  (miosis),  and  which 
can  continue  for  several  days.  that  set  the  standards  for  NATO  aircrew 
respirators.  The  hazards  from  CW  agents  also  include: 


(i)  inhalation  in  the  respiratory  tract  by  virtually  all  agents  in 
gaseous,  vapour,  aerosol  or  liquid  form; 

(ii)  ingestion  hazard  to  alimentary  tract; 

(iii)  skin  hazard  presented  by  nerve  agents,  pririarily  in  liquid  form,  and 
vesicants  as  vapour  aerosol  or  Liquid; 

(iv)  hazard  to  the  eyes  by  vesicants  as  well  as  nerve  agents. 

COMPONENTS  OF  THE  NBC  PROTECTIVE  SYSTEM 


Aircrew  Respirator 


The  aircrew  respirator  for  high  performance  aircraft  must  meet  all  the 
general  requirements  for  such  a  device  and  should  therefore  envelope  the  head 
and  neck  in  NBC  proof  material,  provide  clean  breathing  gas  to  the  oronasal 
mask,  provide  clean  ventilating  gas  to  the  eye  compartment  at  positive  pressure 
and  integrate  with  the  other  items  of  headgear.  In  addition,  since  positive 
pressure  breathing  is  to  be  provided,  mask  sealing  characteristics  must  be 
better  than  in  existing  respirators,  the  breathing  system  must  integrate  with 
the  counter  pressure  garments  and  ideally  improved  vision  and  head  mobility 
should  be  achieved.  The  below  neck  NBC  protection  must  also  be  compatible  with 
the  counter  pressure  garments  and  their  gas  supplies  and  other  items  of  aircrew 
clothing  such  as  immersion  protection  apparel  and  the  lifepreserver. 
Consideration  of  the  requirement  to  safely  don  and  doff  contaminated  garments 
and  re-use  them  have  resulted  in  the  most  acceptable  below  neck  protection 
systems  utilising  a  "layered"  principle  in  which  an  activated  charcoal  absorbent 
garment  is  worn  beneath  the  outer  stanJard  aircrew  clothing  so  that  none  of  the 
functions  of  these  outer  garments  is  compromised.  Therefore  the  first  step  in 
integrating  these  NBC  protective  facilities  with  partial  pressure  assemblies  is 
to  accept  that  the  partial  pressure  assembly  should  be  worn  on  top  of  the  CW 
protective  layer. 


The  ventilation  which  is  necessary  to  maintain  a  slightly  raised  pressure 
in  an  aircrew  respirator  to  provide  the  high  level  of  protection  required 
together  with  the  through  flow  for  demisting  of  the  visor  area  is  supplied  on 
the  ground  by  a  portable  ventilator  and  in  the  air  generally  by  a  fixed 
ventilator  using  an  arrangement  as  indicated  in  Figure  1.  This  form  of  assembly 
whii^li  utilises  a  man-rr.cunted  filter  and  a  two-compartment  manifold  positioned  on 
the  chest  fulfills  all  the  requirements  for  a  NBC  system  for  aitcraft  with 
demand  oxygen  regulators,  thus  a  duplex  regulator  is  used  and  oxygen  from  one  or 
other  of  these  regulators  may  be  diverted  via  the  changeover  valve  in  the 
manifold  to  provide  a  back-up  ventilating  gas  supply  to  the  respirator.  If 
however  positive  pressure  breathing  is  required  in  this  sytem  then  that  format 
of  backup  ventilating  gas  would  not  be  acceptable  since  gas  at  the  raised 
pressure  would  be  delivered  to  the  hood  compartment  as  well  as  the  oronasal 
mask.  Thus  on  exposure  to  high  altitude  ventilating  gas  must  be  provided  from 
either  an  efficient  blower  unit  or  from  the  molecular  sieve  via  an  independent 
supply. 


Partial  Pressure  Assemblies  for  High  Performance  Aircraft 


The  next  generation  of  agile  fighter  aircraft  requires  positive  pressure 
breathing  both  for  protection  against  acceleration  and  altitude.  The  anti-G 
trousers  and  pressure  waistcoats,  which  are  being  developed  in  UK  to  provide 
protection  have  been  described  by  Gradwell  (Ref  1),  obtain  their  gas  supplies  by 
way  of  two  independent  valves.  Higher  pressures  are  required  in  the  lower  li'-b 
garments  than  in  the  chest  counter  pressure  waistcoat  (Ref  2).  Pressure 
breathing  is  triggered  during  exposure  to  positive  acceleration  by  a  pneumatic 
signal  from  the  anti-G  system  to  the  demand  regulator.  This  arrangement  ensures 
that  should  a  failure  of  the  anti-G  \/alve  occur,  then  pressure  breathing  would 
also  cease  thus  avoiding  the  serious  cardiovascular  consequences  of  raised 
intra thoracic  pressure  in  addition  to  pooling  of  blood  in  the  lower  limbs  as  a 
result  of  acceleration. 

The  evolving  systems,  for  partial  pressure  assemblies  required  for  altitude 
protection,  generally  require  some  multiple  of  the  breathing  pressure  to  be 
delivered  to  the  anti-G  trousers.  This  too  is  achieved  by  means  of  a  pneumatic 
signal  but  in  this  case  in  the  reverse  sense  from  the  demand  regulator  to  the 
anti-G  valve,  thus  at  the  onset  of  pressure  breathing  on  exposure  to  altitude  a 
signal  to  the  anti-G  valve  will  initiate  the  predetermined  multiple  of  the 
breathing  pressure  (Ref  1). 

Integration  of  NBC  Protection  with  Partial  Pressure  Assemblies 

By  far  the  easiest  concept  for  integrating  NBC  protection  and  partial 
pressure  assemblies  is  based  on  the  layering  of  aircrew  protective  garments  as 
currently  adopted  in  the  UK.  At  present  external  anti-G  trousers  are  well 
accepted  by  aircrew,  since  it  is  the  last  garment  to  be  donned.  Comfort  and 
mobility  on  the  ground,  prior  to  donning  the  garment  is  not  impaired.  Similar 
considerations  can  be  applied  to  a  chest  counter  pressure  garment  and  locating 
this  garment  external  to  the  NBC  protective  layer  is  likely  to  be  acceptable  to 
the  aircrew  and  would  also  eliminate  the  complex  passageways  which  would  be 
necessary  to  route  gas  supplies  to  the  waistcoat  through  an  NBC  layer.  In  this 
position,  however,  since  the  chest  counter  pressure  garment  is  likely  to  become 
contaminated,  the  gas  supply  to  it  must  be  isolated  from  the  direct  breathing 
line  to  the  mask.  This  may  be  achieved  by  either; 

1,  Providing  an  independent  gas  supply  hose  from  the  breathing 

regulator,  or 

2.  Bifurcating  the  hose  immediately  upstream  of  the  man-mounted 

filter , 

A  jerkin  isolation  valve  would  minimise  contamination  during  donning  and  doffing 
procedures  in  the  contamination  control  area.  Preliminary  integration 
assessments  suggest  that  the  latter  solution  would  be  more  acceptable  but 
careful  siting  of  the  man-mounted  filter  is  required. 

Additional  Design  Considerations  for  Routine  Flyine  and  Emergency  Egress 

A  key  component  in  providing  all  the  necessary  routine  and  emergency 
facilities  that  are  required  in  an  integrated  system  is  the  man-mounted  filter. 
The  essential  design  features  which  must  be  incorporated  in  the  man-mounted 
filter  are  shown  in  Figure  2.  They  comprise  a  portable  ventilator  connecting 
port  so  that  the  ground  ventilator  can  be  used  during  transit  to  and  from  the 
aircraft.  A  low  resistance  non-return  valve  is  required  in  this  port  to  prevent 
loss  of  molecular  sieve  product  gas  at  low  altitude.  In  addition  however  this 
connecting  port  can  be  used  to  provide  inward  relief  in  the  aircraft  in  the 
event  of  failure  of  the  molecular  sieve  followed  by  exhaustion  of  the  back-up 
supply.  Some  form  of  barometric  switch  is  required  to  ensure  that  the  low 
resistance  non-return  valve  is  isolated  at  altitudes  in  excess  of  8-10,000  feet. 
This  low  resistance  non-return  valve  would  also  provide  the  route  whereby  air 
can  be  breathed  following  man-seat  separation  after  ejection.  An  additional 
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high  resistance  inward  relief  valve  might  be  necessary  to  provide  a  warning  of 
failure  of  the  oxygen  supply  as  well  as  a  means  of  breathing  cabin  air  at 
altitudes  in  excess  of  8-10,000  feet. 

To  ensure  that  positive  pressure  breathing  may  be  supplied  to  the  oronasal 
mask  when  required  in  flight,  the  manual  changeover  valve  in  the  manifold  must 
be  kept  in  the  position  which  separates  the  hood  supply  from  the  mask  hose  at 
all  times.  Thus  back-up  hood  ventilation  from  the  demand  regulator  is  not 
possible,  and  an  additional  backup  facility  for  hood  ventilation  gas  is  required 
in  the  event  of  failure  of  the  primary  system.  This  second  system  may  be 
derived  from  product  gas  via  a  separate  supply  from  the  molecular  sieve  or  from 
an  enhanced  performance  fan  unit  if  product  gas  is  used  as  the  primary  system 
(Figure  8).  The  choice  of  which  ventilating  system  should  be  considered  the 

primary  one  is  not  yet  finalised.  An  adequate  flow  of  gas  can  be  produced  from  a 
molecular  sieve,  but  the  ability  of  fan  units  to  provide  adequate  gas  flow  at 
altitudes  at  which  positive  pressure  breathing  is  required  for  protection 
against  hypoxia  is  as  yet  unknown.  Recent  investigations  in  UK  using  augmented 
flow  techniques  suggest  that  acceptable  flow  from  fan  units  may  be  feasible. 

An  additional  refinement  to  the  system  described  is  required  in  the  event 
of  separation  from  the  source  of  ventilating  gas  such  as  may  occur  following 
ejection  or  on  the  ground  after  emergency  egress  to  ensure  that  post  escape 
protection  is  available.  This  refinement  permits  breathing  gas  to  be  drawn 
across  the  visor  compartment  thus  providing  a  degree  of  ventilation  and 
preventing  gross  misting  of  the  visual  area.  This  facility  will  require  an 
additional  modification  to  the  inlet  of  the  oronasal  mask  within  the  respirator 
to  allow  inhalation  (lung  powered  valve)  (Figure  3).  Routing  of  the  inspiratory 
gas  through  the  man-mounted  filter  is  achieved  by  setting  the  changeover  valve 
on  the  manifold  to  the  "ground"  position. 

The  various  arrangements  of  the  man-mounted  filter  assembly  and  the  ground 
and  aircraft  supply  systems  for  the  different  phases  of  a  sortie  are  shown 
schematically  in  Figures  4,  5.  6  and  7. 

The  integrated  NBC  and  partial  pressure  assembly  discussed  in  this  paper 
will  provide  NBC  protection  during  all  routine  and  emergency  conditions  of 
flight.  It  will  not  however  provide  protection  following  escape  and  descent 
into  water.  Immersion  in  water  completely  occludes  current  NBC  filters  and 
therefore  some  form  of  anti-suf focation/anci-drowning  disconnect  or  inlet  relief 
valve  located  in  part  of  the  breathing  system  which  would  be  above  water  when 
worn  by  an  aircrew  member  supported  by  an  inflated  lifepreserver  is  required. 
Means  for  producing  an  automatic  facility  of  this  nature  are  currently  under 
investigation. 
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14.  Abstract 


These  proceedings  include  the  Technical  Evaluation  Report,  the  Keynote  Address  and  the  28  papers  of  the 
Symposium  sponsored  by  the  AGARD  Aerospace  Medical  Panel  and  held  at  the  Naval  Air  Station  in 
Pensacola.  Florida.  United  States,  29th— .fOth  April  1991 . 

Future  NAT(J  fighter  aircraft  will  be  highly  agile  and  capable  of  operating  at  altitudes  well  above  .sll.lMIII  feet 
(15km)  and  at  sustained  accelerations  much  greater  than  +6  Gz.  Protection  against  the  effects  of  these 
stressors  involves  the  use  of  pressure  breathing  with  counterpressure  to  parts  of  the  body.  Furthermore,  there 
is  also  the  need  to  protect  against  harmful  environmental  stressors  such  as  NBC  threats  and  cold  water 
immersion;  and  for  integrating  different  protective  subassemblies  so  as  to  impose  the  minimum  encumbrance 
and  discomfort  on  aircrew.  The  purpose  of  the  Symposium  was  to  consider  the  different  requirements  for 
aircrew  protection  in  such  potentially  hazardous  environments,  and  survey  recent  developments  in  the 
requisite  life  support  equipment. 

The  papers  addressed  a  variety  of  topics  including:  (a)  decompression  sickness  and  ebullism  at  high  altitude; 
(b)  effects  of  high  acceleration  in  terms  of  G-induced  loss  of  consciousness  (GLOC).  positive  pressure 
breathing  (PBG).  and  anti-G  straining  manoeuvre  (AGSM),  and  the  neck  injury  protection;  (c)  mrvdelling 
effects  of  high  acceleration  on  the  cardiovascular  system;  (d)  very  high  altitude  protection,  and  (e)  integrative 
protective  equipment  to  high  altitude,  high  acceleration  and  other  harmful  stressors. 

These  Proceedings  will  be  of  interest  to  those  involved  in  the  design  of  protective  aircrew  life  support 
equipment,  and  those  concerned  with  the  health  and  effective  use  of  aircrew  in  air  operations 


NATO  OTAN  I 

7  R,UE  ANCELLE  ■  92200  NEUtLLY-SUR-SEINE  UIFFl'SION  DF.S  PI 'BLIC  ATIONS 

FRANCE  .\(;aRD  NONt  FASSIFIEFS 

Telephone  ( I  )47  38  S7.00  •  Telex  610  176 
Telecopie  f  1 147  38  57.99 

1.'  \(  ».\KI  J  i»c  iIl'Jii'J)!  p;is  ill-  slocks  tic  scspubhiiHioiis.  ikuiN  un  luii  tic  tiisiribiiiion  gciicralc  a  l  .uiicssc  ci-tlcssus  1  .a  JiltUMon  iniitalc  tics 
piiliiiCaiions  Jc  1' ACi.ARl)  csi  cllcclucc  auprcs  tics  pa\s  mcinhrcs  tic  ccitc  <*r»'anisant>n  pai  rinicrmciiiairc  tics  ('cnircs  ^aiioiiaiiv  tic 

nisiiilniiinn  sui\ams.  A  I  cxccpliontlcs  L:ials-l  nis.tcsccnircs  Jisp«»scni  parliiistl  cxcmplaitcsatiditioiincls;  tlanslcscas  toiiirairc.on  pcni 

sc  proftircr  ccs  cvcmf’l.nrcs  s<»»s  i<»rinc<lc  niurolichcs  ou  dc  micnH-opicsaiiprcsdcs  Ajiciiccs  tic  \  cnic  iloni  la  lisic  suite 

(  IMKI  Sni  DIM  1  SK )NNAI1<)NAL\ 

(St  AM)* 

Diiccttu  tit  A\ialit>n 
col  lufirad 
Kc\kia\ik 


\l  1  l\1A(.Nl 

lachinioi  111. iiioiis/ciit  ruin, 
k.irlstuhc 

I)-75  i  4  1  tiiicnsiciu-l  .copoldshalcn  2 


HIT  i  ,\()\  t 

(  (lordonnaicur  A( i ARDA  SI 
I  iai-Nlajt*i  tic  i.i  I  oicc  Acncniic 
(JiiaMKT  Rcmc  ITisal'cih 
RtictlT  \crc.  I  14(1  Hruxcllcs 


II  Mil 

Xcrtm.iuiic.i  Miliiarc 

I  tlici.'tlcl  IVIcFato  Na/ion.ilc  all'  I ARI) 
.\cr.>poj|»»  I'ratica  tli  Marc 
I M  M 141 »  P<  tiiic/ia  I  Ri  mia  ( 


(  AN  ADA 

I  )iicctcur  till  Service  dcs  RcnscijjncnK'nis  St.icnntit|Ucs 
Minjsicic  tie  la  Dclenst-  N.HMUialc 
( >Ha\\a.  ( )niarii>  K 1  .A  I'K.' 

DANf  MARK 

Danish  Dcteiicc  Research  lit»aitl 
\  ctl  Itliacispaikcn  4 
r  hid  (  o|>cnhajicn  (,) 

I  SI*  \(,Nh 

IM  A  I  A(  iARD  I’ublications) 
i*inioi  Ktisatcs  U 
:sdjis  M.idnd 

1  1  MS  IMS 

National  Aciotiaufics  anti  Sp.ict  AilfnitKvtr.tfh.u 
I  aiu;lc\  Rcscaitli  <  ciilci 
\|  S  ISIl 

I  lampion.  \  iiuinia 
I  K  \N<  f 

( )  NIK  \  ( I  tiieciumt 

2'>.  A\cmic  tic  la  I  )oisi*>n  I  cclcrc 

d  '  tjd  (  hafilfon  stxjs  H.ietKtix 

(.Rl  (  I 

I  Icllcmc  \it  ( .Tcc 
Sir  V\  ar  (  ollciic 

Scicniilic  and  Icchnicall  ilnarv 
I  )ckcl(a  Air  I .  ace  Rase 
I )ckcl(a.  Athens  KiA  Idld 


I  I  MMMDI  Hi, 

I  o//  Hcljiiqiic 

V  >R\I  (d 

Nttrwc^iaii  Dclcncc  Research  I  stal'lishmcnl 
\Mn  Rililiotckc! 

I*.0.  Ho\  :s 
N-rt»""  Ktcllei 

I'A'iSliAS 

Ncihcilaiuls  I  )clcs:aiion  to  \( »  \RD 
National  Acrc»spacc  I  aboMitus  Nl.R 

KluN'tTVNCi:  I 

.'•OdHslMti 
i'okh  <i\i 

lNatuj:ucsc  Naiit'iial  (  ottiJniatoi  u>  At  i  \K1 ) 
( .abinctt  tic  I  sttulos  c  l*f.  ajf.twas 

(  I  Al  A 

Rase  tie  Allfaeitle 
AlHajiide 

2“lKi  .Am.iiloia 

KO’i  AIM!  I  N| 

Dctencc  Rescaich  Iniorniatit'n  t  eiitic 
KcnH::i  rn  Hi*usc 
fi.'s  Rittwn  Street 
<  »laset«t\  ( •.'  ^l  \ 

u  Rtdi  n 

Milh  s.iNunma  H.isk  •nliei  <  MsR) 

AK(.I-  DaneRaskaiilitiii  \K(rI  i 
Ankara 


II  (  I  M  Rl  N  A  I  ION  Al  Dl  DISIRIIU  I  ION  Dl  S  I  I  AlS-l  MS(\,VS  \  j  M  Dl  MINI  HAS  DH  S  K  )(  Ks 
Dl  s  HI  Rl  K  A  I  IONS  AD  AUDI  I  II  SDI  MANDI  sDl  \|  MPI  AIRl  SDOIM  M  I  I  Rl  \DRISSl  I  S  DlRl  (  11  Ml  N  I 
Al  SIRS  l(  I  NAI  lONAI  11  <  IINKJIT  Dl  I  INI  ( >KMA  IK  >N  iM  iSj  I  >(  )N  1  1  \DRI  SSI  SIT  I 


N-niotia/  lechnical  In.'orniairon  Scr wee 
iN  I  lSi 

Htin  Koval  Roail 
Spiinclicitl.  \  iiL'inia  27  In  I 
I  lats-l  njs 


ADI  N(  I  SDI  \l Ml 
I  SA  liib)»maiit>n  Kctiic'al  Scivicc 
I  nropcan  Space  Aeenev 
Id.  me  Slarit‘  Nik»s 
~5tt  I  ,s  H.u  Is 
I  ranee 


I  he  Riitish  I  ibiaiA 
Document  SuppK  Division 
Ri»stt)n  Spa.  \\  etherbv 
W  est  S  orkshifc  I  S2  '  'R(.) 
Rt'vaumc  I  ni 


1  csdcmantlcsilcma  rt*nchesoutlcph«>(t»copicsdedt>cumenrs  A(.  \RD(v  conipiislcsdernandcs  laHcsaiiprcsdu  N  riS)d"tvcmcompottci 
la  tlcnomuiatnin  A(  iARD.  ainsi  i|ijc  Ic  nnmert'dc  sene  tic  l  ADARDcpai  cxcmpic  A(  »ARD  A(  )  5|,  Dcs  intormaiions  analoencs.  telles 
tjue  le  tnreet  la  tlaie  tie  publication  sunt  sonhailabics  \  euillcr  ntiieriju'il  v  a  lieu  dc  specifier  A<»AKI  )-R-nnn  et  ADARD- AR-nnn  lorstU  la 
cointnandetlc  lapporis  ADARD  el  ties  r.tppt*iisc»»nsullanls  ,\(i.\«Drcs|x-ciivctiiciU  IK'Me(eteneesh(b{ioi:faphit(uest.iiniplcte'arnMqHe 
lies  resvinies  ties  publications  AC  lAKl)  lijturcnt  dans  Ics  (tiiirnaiix  suivants: 


ScicinitKiue  aiul  I  echnleal  Acmspace  Reports  jS  I  AKj 
public  par  la  N  ASA  Scieniilic  anti  I  ethnical 
Inloiinaiion  Division 
N  ASA  Headquarlcis  (N  11  ) 

Washin^iion  IH 
(  (ats-l  nis 


(iovernment  Reports  Announcements  and  Index  <(  jR.Aikl) 
public  par  le  Natnmal  1  eehnieal  Inhvrmation  Service 
Spruiiificltl 
\  irginia  22ldl 
I  tais-l;ins 

(accessible  eualenicnt  cn  nnxJc  inlcractii  tJans  la  base  dc 
donnees  bibliographiqucs  en  lignc  dii  N  1  IS,  et  sui  (  D-R(  )\t) 


fniffrinh- pot  .Sfh'i  wIiH'J  Prmrin^  Svnh  r\  l.tmiu  d 
40  (  hiipn'll  Iauw.  t.oufihum.  l.vsex  l(  HO  If  / 


